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PREFACE 


Soon  after  its  foundation  in  1952,  the  Advisory  Group  for  Aeronautical  Research 
and  Development  recognized  the  need  for  a comprehensive  publication  on  flight  test 
techniques  and  the  associated  instrumentation.  Under  the  direction  of  the  AGARD 
Flight  Test  Panel  (now  the  Flight  Mechanics  Panel),  a Flight  Test  Manual  was 
published  in  the  years  1954  to  1956.  The  Manual  was  divided  into  four  volumes: 

I.  Performance,  II.  Stability  and  Control,  111.  Instrumentation  Catalog,  and  IV. 
Instrumentation  Systems. 

Since  then  flight  test  instrumentation  has  developed  rapidly  in  a broad  field  of 
sophisticated  techniques.  In  view  of  this  development  the  Flight  Test  Instrumentation 
Committee  of  the  Flight  Mechanics  Panel  was  asked  in  1968  to  update  Volumes  III 
and  IV  of  the  Flight  Test  Manual.  Upon  the  advice  of  the  Committee,  the  Panel 
decided  that  Volume  III  would  not  be  continued  and  that  Volume  IV  would  be 
replaced  by  a series  of  separately  published  monographs  on  selected  subjects  of  flight 
test  instrumentation:  the  AGARD  Flight  Test  Instrumentation  Series.  The  First 
volume  of  the  Series  gives  a general  introduction  to  the  basic  principles  of  flight  test 
instrumentation  engineering  and  is  composed  from  contributions  by  several  specialized 
authors.  Each  of  the  other  volumes  provides  a more  detailed  treatise  by  a specialist  on 
a selected  instrumentation  subject.  Mr  W.D.Mace  and  Mr  A.Pool  were  willing  to  accept 
the  responsibility  of  editing  the  Series,  and  Prof.  D.Bosman  assisted  them  in  editing  the 
introductory  volume.  In  1975  Mr  K.C .Sanderson  succeeded  Mr  Mace  as  an  editor. 
AGARD  was  fortunate  in  finding  competent  editors  and  authors  willing  to  contribute 
their  knowledge  and  to  spend  considerable  time  in  the  preparation  of  this  Series. 

It  is  hoped  that  this  Series  will  satisfy  the  existing  need  for  specialized  documen- 
taion  in  the  field  of  flight  test  instrumentation  and  as  such  may  promote  a better 
understanding  between  the  flight  test  engineer  and  the  instrumentation  and  data 
processing  specialists.  Such  understanding  is  essential  for  the  efficient  design  and 
execution  of  flight  test  programs. 

The  efforts  of  the  Flight  Test  Instrumentation  Committee  members  and  the 
assistance  of  the  Flight  Mechanics  Panel  in  the  preparation  of  this  Series  are  greatly 
appreciated. 


T.  VAN  OOSTEROM 

Member  of  the  Flight  Mechanics  Panel 

Chairman  of  the  Flight  Test 

Instrumentation  Committee  
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STRAIN  GAUGE  MEASUREMENTS  ON  AIRCRAFT 
by 

E Xottkamp,  H Wilhelm,  D Kohl 
VFW-Fokke-  Test  Laboratories 
Lemwerder 

Federal  Republic  of  Germany 


1.0  INTRODUCTION 

This  publication  is  intended  to  give  the  test  engineer  a comprehensive  description  of 
the  different  aspects  of  strain  and  load  measurements  on  aircraft.  These  measurements 
are  of  outstanding  importance  as  they  are  the  only  practical  means  of  determining 
material  stresses  during  ground  and  flight  tests. 

As  stresses  cannot  be  measured  directly  but  must  be  derived  by  calculation  from  strain 
measurements,  an  introduction  to  the  fundamental  physical  and  mechanical  laws  is  given. 
This  is  essential  as  the  strain  gauge  is  directly  bonded  to  the  specimen  to  be  tested 
so  that  its  surface  becomes  part  of  the  measurement  system.  Strain  gauge  behaviour  can 
therefore  only  be  understood  on  the  basis  of  some  fundamental  knowledge  of  these  physical 
and  mechanical  laws.  The  main  concentration  is  on  the  directly  applicable  methods 
but  nevertheless  some  not  directly  applicable  equations  and  techniques  are  mentioned, 
thereby  demonstrating: 

some  straightforward  techniques  which  look  attractive  but  have  proven 
unsatisfactory  for  various  reasons; 

special  old  and  new  strain  measuring  techniques  which  may  become  attractive  in 
the  future  (e.g.  for  orbital  spacecraft)  so  that  the  reader  will  know 
know  the  basic  principles . 

Once  the  strain  has  been  exactly  transferred  from  the  surface  of  the  specimen  to  the  grid 
of  the  strain  gauge,  the  quality  of  the  measurement  is  determined  by  the  accuracy  of 
recording  the  resistance  change.  Techniques  for  recording  resistance  changes  are  there- 
fore discussed.  The  main  emphasis  is  put  on  the  description  of  the  Wheatstone  bridge, 
but  other  circuit  techniques  are  also  considered. 

After  discussion  of  possible  errors,  the  various  types  of  strain  gauges  and  adhesives 
are  described.  Practical  advice  is  given  on  their  application.  In  order  to  allow  the 
test  engineer  some  judgement  in  less  usual  cases,  special  applications  of  strain  gauges 
are  explained.  This  is  followed  by  a consideration  of  the  strain  gauge  behaviour  under 
adverse  environmental  conditions  (e.g.  extreme  low  and  high  temperatures).  Finally, 
an  example  is  given  of  equipping  an  aircraft  with  a flight  load  measuring  system. 

The  contents  of  this  volume  allow  the  test  engineer  to  select  the  correct  method 
for  strain  measurements.  For  special  problems,  the  basic  mathematical  relationships 
are  given  to  allow  him  to  use  more  detailed  calculations.  Where  special  applications 
are  needed  the  contents  of  this  book  give  an  understanding  of  the  basic  principles. 

This  allows  the  necessary  effort  to  be  estimated  and  indicates  the  relevant  documentation. 


1.1  Measuring  of  strains  on  aircraft 

The  techniques  for  measuring  strains,  which  are  the  subject  of  this  paper,  refer 
mainly  to  measurements  within  the  scope  of  flight  testing.  However,  the  greater  part  of 
of  the  contents  of  this  book  is  also  applicable  to  non-aeronautical  measurements. 

A transducer  used  for  measuring  strains  on  a typical  aircraft  during  flight  nas  to 


fulfil  the  following  requirements: 

1.  Strain  range 

2.  Transverse  sensitivity 

3.  Accuracy  of  the  measuring  system 

uncalibrated 

calibrated 

4.  Resolution  of  the  system 

5.  Life 

period  of  application 
load  cycles 

6 . Frequency  range 

7.  Temperature  range 


0 to  ±10000um/m 
has  to  be  negligible 


+5%  (as  compared  with  the  full-range  value) 
±3%  (as  compared  with  the  full-range  value) 

+10  ym/m 


up  to  several  years 

up  to  107  load  cycles  with  varying 

amplitude 

0 to  2,000  Hz  (in  exceptional 
cases  higher) 

200  K to  400  K (in  exceptional 
cases  higher) 


• 1 ‘.MarfckJi. 


8.  Pressure  range 

9.  Other  environmental  conditions 


10.  Installation  conditions 


11.  Measuring  techniques 

12.  Price  and  installation  costs 


independent  of  pressure 

high  alternating  load  with  regard  to 
temperature  and  humidity 

chemically  corrosive  environment 
(e.g.  for  tank  measurements) 

physically  hostile  environment 
(e.g.  mechanical  loads) 

the  effect  on  the  test  specimen  of  the 
application  method  and  mechanical  or 
thermal  behaviour  must  be  negligible. 

can  be  applied  easily  even  in  limited 
space 

easy  connection  even  in  the  case  of 
numerous  measuring  points.  Fast  data 
logging  and  processing  must  be  possible 

must  be  low 


Among  all  the  available  transducers,  the  strain  gauge  is  the  only  one  which  is  able  to 
fulfil  most  of  the  above  requirements. 

1.2  Strain  measurements  by  means  of  strain  gauges 

The  characteristic  feature  of  an  electrical  strain  gauge  is  the  change  in  its  electrical 
resistance  with  the  change  in  strain.  It  is  therefore  possible  to  determine  the  strain 
change  by  measuring  this  resistance  change.  If  the  strain  in  a component  has  to  be 
determined,  a strain  gauge  is  bonded  to  the  component  and  the  resistance  change  is 
measured  when  different  loads  are  applied  to  the  component(Fig  1.2-1). The  strain  gauge  must 
therefore  be  securely  bonded  to  the  surface  of  the  component.  Optimum  application  of 
strain  gauges  requires  a comparatively  detailed  knowledge  of  the  physical  fundamentals 
so  that  the  significance  of  numerous  marginal  conditions  can  be  correctly  estimated. 


This  paper  will  deal  with  these  fundamentals,  but  also  with  some  fundamentals  of 
materials  (Chapter  2)  and  with  several  aspects  of  measurement,  techniques  (Chapter  3). 

First,  however,  the  basic  characteristics  of  a strain  gauge  measurement  system  will  be 
described.  The  relation  between  the  resistance  change  AR  of  the  strain  gauge  and 
the  strain  is  expressed  by 


AS 

R 


k-e 


(1.2-1) 


The  gauge  factor  k (see  Section  2.2)  is  a constant.  The  determination  of  the  resistance 
change  is  almost  exclusively  carried  out  by  means  of  the  Wheatstone  bridge  circuit 
(Fig  1.2-2,  see  also  Chapter  3). 

In  the  balanced  condition  (I  ■■  0)  the  relation  is 


R2 


R Ri 

R„ 


(1.2-2) 


The  resistor  B;  is  the  strain  gauge  and  R2  a calibrated  variable  resistor.  The  balanced 
condition  can  be  achieved  by  varying  R2  . Balancing  is  carried  out  in  the  strained 
and  unstrained  condition  so  that  the  resistance  change  AHj  relative  to  the  unstrained 
condition  is  proportional  to  the  strain. 

AR;  can  be  determined  by  balancing  the  Wheatstone  bridge  and  reading  the  value  of  AR2 . 
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In  turn  K»e 


The  balancing  method  is  not  practicable  for  an  in-flight  strain  gauge  measurement; 
the  output  voltage  of  the  unbalanced  bridge  is  therefore  measured  (Fig  1.2-3). 

The  following  approximation  is  applicable: 
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UT 
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ARj  AR2  AR3  AR4 

R 1 R2  R3  64 


(1.2-4) 


U * bridge  output  voltage 

n 

U - bridge  supply  voltage 
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The  resistors  Rj , R2 , R3  and  R4  can  all  be  strain  gauges.  With  the  same  gauge  factor  k 
for  all  strain  gauges  the  following  relation  results  fc.  a Wheatstone  bridge  with  four 
strain  gauges: 


Um 


1 

7 


C 1 1 


with  k*  e 


ii 


ARi 

““I 


£22  “ £33  + £44 


(1.2-5) 


Once  the  strain  of  the  specimen  has  been  determined  for  the  direction  of  the 
strain  gauge,  the  corresponding  stress  a can  be  calculated  by  applying  Hookes  law. 


1.3  Other  transducers 


In  general  and  especially  for  flight  measurements  the  strain  gauge  plays  a leading  role 
in  the  determination  of  strains  and  stresses.  In  certain  special  cases,  however,  it 
may  be  reasonable  to  occasionally  use  other  transducers.  As  they  are  not  generally 
applied  in  flight  testing,  they  will  be  presented  here  only  with  a brief  description 
of  their  fundamental  mode  of  operation. 


The  oldest  transducers  known  are  the  mechanically  operating  extensometers  (Fig  1.3-1) 
where  the  change  in  length  between  a fixed  and  movable  blade  is  converted  into  a rotary 
motion.  Because  of  the  large  measuring  length  required,  the  sensitivity  to  vibration, 
the  relatively  complex  assembly  and  the  poor  suitability  for  dynamic  applications, 
devices  of  this  or  similar  kinds  are  no  longer  used  today. 

If  the  pointer  is  replaced  by  a light  beam  as  in  Fig  1.3-2,  we  have  the  well  known 
Martens  extensoweter . Because  of  its  less  complicated  set-up,  this  device  has  some 
advantages  when  compared  to  the  mechanical  arrangement. 

Another  non-electrical  transducer  worth  mentioning  here  is  the  pneumatic  transducer. 

In  its  original  form  it  was  designed  as  a re-usable  transducer.  Fig  1.3-3  shows  a 
version  with  a differential  pressure  outlet.  Investigations  by  the  US  Army  are  aimed 
at  the  development  of  a strain  gauge  comparable  to  the  electrical  strain  gauge  in  its 
application  and  stress  behaviour.  These  could  result  in  some  improvements  for  flight 
measurements,  in  particular  when  electrical  measuring  equipment  can  only  he  usi  d in  a 
protected  system  due  to  safety  reasons  or  when  electronic  auxiliary  devices  are  dispensed 
with.  (Ref  (1)). 

However,  most  of  the  transducers  used  besides  strain  gauges  are  based  on  electrical 
principles . 

The  first  device  to  be  mentioned  in  this  connection  is  the  inductance  transducer  which 
is  also  used,  in  its  varying  versions  (Figs  1.3-4a-f),  as  a re-usable  transducer  for 
measuring  large  distances.  Its  advantages  are  high  sensitivity,  sturdiness  and  simple 
electrical  circuit  requirements. 

Vibration  and  position  sensitivity  can  lead  to  detrimental  effects.  In  the  medium 
frequency  range  (20-50  Hz)  contact  resonances  occur  and  at  high  frequencies  (>50  Hz) 
the  transducer  cannot  be  used  at  all  because  of  the  carrier  frequency  supply  problems. 

The  same  applies  to  the  vibrating-wire  transducer  (Fig  1.3-5).  It  is  used  in  those 
cases  where  a high  zero  stability  is  required. 

For  some  time,  capacitance  type  transducers  have  been  available  on  the  market  especially 
for  application  at  extremely  high  temperatures.  A typical  type  is  shown  in 
Fig  1.3-6.  The  disadvantage  of  this  transducer  lies  in  obtaining  signal  conditioning 
hardware  to  meet  the  requirements  of  a flight  environment. 

It  is  also  possible  to  use  piezoelectric  transducers  for  dynamic  measurements. 

However,  due  to  the  extremely  high  degree  of  temperature  sensitivity,  applications 
are  very  limited. 
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Finally,  the  surface  coating  methods  must  be  mentioned  briefly.  The  best-known 
and  mostly  used  procedure  is  the  brittle  lacquer  method.  The  lacquer  is  applied  in 
the  unstressed  condition.  When  tension  strain  is  applied,  and  this  is  the  only  possible 
application,  cracks  will  occur.  The  direction  of  the  cracks  indicates  the  stress 
direction  and  their  density  t’.e  stress  level.  Thus  the  determination  of  the  areas  of 
maximum  stress  is  the  main  field  of  application.  For  a more  detailed  analysis,  strain 
gauges  can  then  be  applied  in  such  areas.  The  above  description  demonstrates  that 
the  method  is  only  applicable  for  one  load  cycle.  (Various  cases  of  application  are 
shown  in  Figs  1.3-7A-D).  Compared  to  it,  the  photoelastic  method  is  not  subjected 
to  such  limitations.  For  1'iis  method  an  optically  active  material  is  applied  to  the 
surface  of  the  test  specime  . The  refraction  characteristics  of  this  material  change 
when  stressed.  They  can  l . made  visible  with  optical  eouipment  and  then  photographed.  In 
a subsequent  analysis,  the  stresses  occurring  can  be  determined  qualitatively  and,  with 
limited  accuracy,  quanti' atively  in  their  distribution  over  the  surface. 


References:  (1)  (25',  (B3),  (B4),  CJ5),  (B6). 

1 .4  Application  i strain  gauges 

Basically  a strain  gauge  is  a device  which  measures  strain  in  a single  direction  at  the 
surface  of  a component.  Though  in  some  applications  this  strain  may  be  the  primary 
quantity  to  be  determined,  in  most  cases  strain  measurements  are  used  to  obtain  infor- 
mation about  the  stresses  that  occur  in  the  components  to  which  the  strain  gauges  are 
bonded  or  about  the  forces  which  act  on  such  components.  In  the  latter  case,  more 
information  needs  to  be  combined  with  the  strain  measurement. 

The  simplest  case  is  a one-dimensional  stress  state,  e.g.  an  infinitely  long  homogeneous 
bar  of  constant  cross  section  loaded  by  a longitudinal  force.  Inen  a single  strain  gauge 
measuring  in  the  longitudinal  direction  can  be  used  tc  measure  the  strain.  The  stress 
will  also  be  in  the  longitudinal  direction  and  can  be  determined  from  the  strain  if  the 
Young's  modulus  and  the  Poisson's  ratio  for  the  material  are  known.  The  force  can  be 

calculated  by  multiplying  the  stress  by  the  cross-sectional  area  of  the  bar. 

One-dimens.'.onal  stress  states  rarely  occur  in  practice,  but  a two-dimensional  stress 
state  can  often  be  used  as  an  adequate  model  for  actual  stress  distributions.  In  this 
* ase  the  positions  of  the  strain  gauges  must  be  carefully  chosen,  taking  into  account 
the  stresses  which  are  of  interest.  In  some  cases  a single  strain  gauge  will  provide 
sufficient  information,  for  instance  in  the  case  of  a bar  under  pure  bending;  then  a 
strain  gauge  at  the  point  of  greatest  curvature  can  measure  the  maximum  strain  and  the 
stress  distribution  in  the  bar  can  be  calculated  from  it.  In  many  cases,  however,  two 
or  more  strain  gauges  will  be  necessary  to  supply  the  information  necessary  to  calculate 
the  stresses.  If  the  principal  direct^ns  are  known,  strains  of  interest  can  usually 
be  measured  by  a 0/90°  rosette.  If  the  principal  directions  are  not  known,  three-armed 
rosettes  or  a combination  of  three  separate  strain  gauges  will  be  required. 

In  the  generc.1  case  of  a three-dimensional  stress  state  it  is  necessary  to  define  before- 
hand the  stresses  that  must  be  measured.  Often  it  is  possible  to  use  a two-dimensional 
approximation  for  the  part  tha i is  of  special  interest.  But  in  other  cases  a truly 

three-dimensional  model  must  he  made  of  the  component  and  strain  gauges  will  have  to  be 
applied  at  several  specific  s,x>ts. 

In  many  applications  where  only  the  load  is  of  interest,  the  calculation  of  the  load  via 
stress  is  replaced  by  a direct  calibration  of  strain  gauge  output  against  load.  This  is, 
for  instance,  common  practice  for  all  strain  gauges  used  in  transducers.  The  same  method 
but  with  multiple  strain  gauges  and  multiple  applied  loads,  is  used  for  measuring  struc- 
tural loads  in  aircraft . 
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2.0  PHYSICAL  BACKGROUND 

An  appropriate  application  of  the  strain  gauge  and  the  conclusive  interpretation  of  the 
measurement  results  are  only  possible  with  a thorough  knowledge  of  the  strain  gauge 
system. 

One  part  of  this  system  is  the  material  to  be  tested.  Section  2.1  describes  the  element- 
ary laws  of  the  behaviour  of  metallic  materials  under  load.  Due  to  the  outstanding 
importance  of  metallic  materials,  other  materials  (such  as  fibre  reinforced  materials) 
will  be  dealt  with  later  in  Section  7.13. 

The  other  important  part  is  the  measuring  grid  of  a strain  gauge.  The  fundamental 
correlations  between  the  load  on  the  measuring  grid  and  its  electrical  behaviour  is 
described  in  Section  2,2  Metallic  measuring  grids  as  well  as  semi-conductor  measuring 
grids  are  described  here. 

2.1  The  behaviour  of  metallic  materials  under  load 

Each  metallic  body  shows  a specific  behaviour  under  the  influence  of  external  loads. 

Up  to  a certain  load  elastic  deformation  takes  place,  i.e.  the  deformation  disappears 
after  unloading.  However,  if  the  load  is  increased  beyond  this  point,  first  plastic 
deformation  and  then  fracture  occurs.  The  correlations  between  load  and  deformation 
are  described  in  Chapters  2 and  7.  Section  2.1  describes  only  the  mathematical  analysis 
of  the  different  states  of  stress  and  deformation.  Known  principal  directions  (and 
principal  stresses  or  strains)  are  the  basis  for  the  analysis.  Using  the  formulae  given 
here,  stress  can  be  determined  for  each  direction  of  interest  from  a knowledge  of  the 
strain. 

The  field  of  experimental  stress  analysis,  on  the  other  hand,  is  described  in  Section  7.1. 
Here  the  principal  directions  and  principal  stresses  and/or  principal  strains  have  to  be 
found  from  the  measured  values  of,  for  example,  three  strain  gauges.  In  thin  case  the 
directions  of  the  strain  gauges  serve  as  the  reference  system. 

2.1.1  Metallic  materials  under  static  load 

2. 1.1.1  Longitudinal  deformation  and  stress 

If  we  consider  a simple  cl’-  ular  bar  under  tension  having  a cross-sectional  area  A and 
loaded  with  longitudinal  orce  F,  as  in  Fig  2.1-1,  assuming  a uniform  force  distribution 
over  the  entire  cross  section,  the  force  divided  by  the  cross-sectional  area  is  defined 
as  the  stress  a : 

a - ? (2.1-1) 


Under  load  F the  length  * of  the  bar  changes  by  At  from  to  to  tj,  tj  ■ to  + The 

change  in  length  divided  by  the  length  t0  is  defined  as  the  longitudinal  strain: 


et 


(2.1-2) 


Under  load  F the  diameter  of  the  bar  changes  by  Ad  from  do  to  dj , dj  • do-  Ad.  The 
change  in  diameter  divided  by  the  diameter  do  is  defined  as  the  transverse  strain  or 
transverse  contraction: 


_ -Ad  _ dl~  d° 
c t do  do 


(2.1-3) 


The  relation  between  transverse  strain  ^ and  longitudinal  strain  c is  a material 
constant.  The  value  -e+  . , , ‘ 
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known  as  Poisson's  ratio,  will  generally  be  about  0.3  for  metals. 


With  respect  to  the  area  this  leads  to 
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If  the  bar  is  successively  submitted  to  increasing  loads  and  the  values  of  o are  plotted 
against  the  values  of  e,  the  result  is  a stress-strain  diagram.  The  a values  are 
determined  with  reference  to  the  original  cross  section  Aq . The  dashed  line  in 
Fig  2.1-2  shows  the  a values  as  a function  of  the  actual  cross  section.  The  latter  is 
of  no  further  importance  and  is  shown  only  for  illustrative  purposes. 

Up  to  op  (proportional  limit)  the  curve  shows  a linear  section;  then  there  is  a slight 
non-linearity  up  to  the  elastic  limit  o£.  Up  to  this  limit  the  material  shows  no 

remarkable  permanent  deformation.  If  the  load  is  increased  beyond  o£>  the  material 

will  be  deformed  permanently.  When  it  deforms  without  requiring  a further  increase  in 
load,  the  yield  point  g,?  is  reached. 

After  completion  of  the  yielding,  the  load  can  be  increased  until  the  stress  reaches  its 
maximum  possible  value  oB,  the  ultimate  stress;  then  fracture  occurs.  Fig  2.1-2  shows 

the  o-c  diagram  for  mild  steel;  for  many  other  materials  the  limits  indicated  are  not  as 
marked  as  in  this  case.  Some  materials,  for  instance,  have  a very  small  linear  part, 
others  hardly  show  any  yielding  at  all  during  load.  The  o-c  diagrams  together  with 
many  other  parameters  are  published  in  material  handbooks. 


As  stated  above,  the  o-c  diagram  shows  a linear  part  from  o - -o  to  +o  . In  this 
linear  part  p p 

o - E e (2.1-4) 

thus  f -E  ( 2 . i-5) 

where  E is  the  modulus  ol  elasticity,  also  called  Young's  modulus.  The  value  - * E is 
constant  for  the  linear  part  mentioned  above.  e 


This  linear  range  is  known  as  Hooke's  law  range;  equation  (2.1-5)is  therefore  called 
Hooke's  law  for  the  uniaxial  state  of  stress. 


The  modulus  of  elasticity  E is,  like  v,  a material  constant . Some  typical  parameters  of 
materials  used  in  aircraft  are  given  in  Table  2.1-1.  The  exact  values,  however,  have 
to  be  taken  from  material  handbooks. 

The  range  beyond  o£  is  of  less  importance  for  this  paper  as  the  limit  load  will  not  be 

exceeded  during  flight  and  this  load  has  to  be  reached  without  yielding  of  materials. 
This  will  be  demonstrated  by  static  fracture  tests.  In  some  components,  however, 
the  actual  stress  is  larger  than  Og,  for  instance  in  the  vicinity  of  cracks,  but  this 

is  part  of  fatigue  life  investigations. 


Table  2.1-1:  Some  typical  parameters  of  materials  used  in 

aircraft.  (The  exact  values  have  to  be  taken 
from  the  material  standards). 


Material 

Young's 

modulus 

E 

(N/mm2) 

Poisson's 

ratio 

y 

Specific 

weight 

(g/cm3) 

°E 

(N/mm2 ) 

°B 

(N/mm2 ) 

~ - ~ * 

a<p 

( vm/m/K) 

Al,  99.5% 
work  hardened 

72000 

0.34 

2.7 

50-70 

110-140 

23 

Al-Cu-Mg 

74000 

*0.30 

2.8 

300 

420-580 

23 

Ti,  pure, 
work  hardened 

110000 

*0.36 

mm 

400-500 

*700 

9 

Titanium 
Ti  A16  V4 

115000 

*0.32 

750-850 

900-1150 

9 

Steel 
(1%  C) 

210000 

0.28-0.30 

7.84 

180-200 

350-400 

12 

Cr-Ni-steel 
18%  Cr,  8%  Ni 

195000 

"'.0.43 

7.88 

300-400 

550-750 

16 
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2. 1.1. 2 Shear  deformation  and  stress  j 

Fig  2.1-3  illustrates  another  kind  of  load  by  showing  an  element  of  a shear-stressed  j 

panel  to  which  the  shear  stresses  t,  which  always  occur  in  pairs,  are  applied.  Under  I 

load,  the  element  is  deformed  by  the  angle  y;  the  panel  side  lengths,  however,  remain  j 

constant.  If,  in  this  case,  the  shear  stresses  t are  plotted  as  a function  of  the  i 

shear  angle  y,  the  result  is  the  t— r diagram  which  is  very  similar  to  the  o-e  diagram  i 

and  shows  the  same  type  of  limits  as  the  latter.  The  notation  generally  used  for  the  ! 

Hooke's  law  range  -t  to  +t  is 
P P 

~ m G (2.1-6)  S 

• I 

where  G is  the  shear  modulus. 

This  covers  the  basic  laws  of  the  linear  theory  of  elasticity  of  metallic  materials, 
showing  that  the  elastic  behaviour  of  a metallic  body  can  be  defined  by  the  parameters 
E,  u and  G.  These  three  magnitudes  are  governed  by  the  relation 

G “ srnnry 

Thus,  it  is  possible  to  determine  a third  magnitude  by  means  of  two  known  magnitudes, 
i.e.  the  linear  theory  of  elasticity  requires  two  material  constants. 

2. 1.1. 3 States  of  stress 

A spherical  element,  cut  from  the  inside  of  a three-dimensional  body,  will  form  an 
ellipsoid  if  subjected  to  external  loads.  Maximum  changes  in  length  will  occur  in 
three  mutually  perpendicular  directions  of  this  ellipsoid,  the  so-called  principal 
directions.  In  these  directions  the  minimum  and  maximum  stress  values  occur  defined 
as  so-called  principal  stresses.  In  all  other  directions  not  only  changes  in  length 
but  also  angular  displacements  occur.  A triaxial  state  of  stress  then  exists. 

The  relations  between  principal  stresses  and  principal  strains  in  the  principal  direct- 
ions are  defined  by  Hooke's  law  for  the  triaxial  state  of  stress 
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Assuming 

that 

no 

stresses  occur  perpendicular  to  the  component 

surface  (exception:  inner 

surface 

of  a pressurised  tank),  the  relations  of  the  plane  or 

two-dimensional  state  of 

stress  are  valid 

for  this  surface.  Take  a 3 - 0,  then: 

e l * 

1 

E 

(Oj  - y 0 2 ) 

(2.1-14 

c2  “ 

1 

I 

(o2  - WO j ) 

(2.1-15) 

E3  “ 

u l i <Ei  + * -f  <°j  + °2> 

(2.1-16) 

or 

Oj  - 

r 

-§-J-2<El  + »e2) 

(2.1-17) 

g2  - 

r 

-—•2(^2  + 1 ) 

(2.1-18) 
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Thus  strains  In  all  three  principal  directions  can  occur  even  at  a biaxial  state  of 
stress . 

The  notations  (2.1-8)  to(2.1-18)  are  related  to  the  principal  directions  of  a stress 
state,  but  these  are  also  notations  for  Hooke's  lav  related  to  arbitrary  directions. 

The  notation  for  any  set  of  perpendicular  coordinates  in  the  biaxial  state  of  stress 
can  be  found  by  changing  the  Indices  in  equations  (2.1-14)  to  (2.1~18)  in  the 
following  way: 


tj  - e 


oj  - a. 


c2  “ cb  a 2 - ob 

e 3 * LC 

o and  0.  indicate  the  stresses, e , tkl  and  c the  strains  in  the  arbitrary  directions 
(see  also  Section  7.1). 

2. 1.1. 4 Mohr's  circle  for  stress 

The  relations  described  so  far  will  now  be  explained  in  detail  with  reference  to  their 
practical  use.  The  appropriate  application  of  a strain  gauge  will  be  wade  easier  and 
often  possible  only  if  the  elementary  laws  described  here  are  taken  into  consideration 
prior  to  the  installation  and  during  evaluation  of  the  subsequent  measurement  results. 

Firstly,  again  consider  a plain  tension  bar,  in  this  case  with  a rectangular  cross- 
section  (Fig  2.1-4)  which  is  loaded  with  a longitudinal  stress  oy  (in  this  example  oy 

corresponds  to  °i  in  an  uuiaxial  stressfield  with  o - o2  ■ 0).  If  a cut  is  performed 
in  the  plane  X-X',tbe  area  of  the  resultinf.  sectionxwill  be 

A*  * — 

9 cos  4 

The  stress  acting  on  the  section  parallel  to  ay  and  "released"  by  the  cut  can  be 
calculated  under  the  assumption  that  the  force  F * Aoy  is  constant  for  all  sections: 

F ■ oy-A  * A*-y 


y 

— s—  ■ o -cos 

a#  y 


(2.1-19) 


Correspondingly,  the  components  of  y,  the  normal  stress  a and  the  shear  stress  t,  are 


o ■ y cos  t m o„  cos2  4 - -k  o„(l  + cos  2$) 

y « y 

x « y sin  4 ■ oy  sin  4 cos  * - j 0 sin  2$ 


(2.1-20) 

(2.1-21) 


After  elimination  of  the  angle  4,  the  fundamental  equation  of  Mohr's  circle  for  the 
uniaxial  state  of  stress  is  obtained  (see  Fig  2.1-5) 


,)2  ♦ tS 


<5  »y>' 


(2.1.22) 


From  this  circle  the  normal  stress  and  the  shear  stress  of  the  uniaxial  state  of  stress 
can  be  read  for  each  angle  4.  It  is  remarked  that  the  maximum  shear  stress 

DIX 

is  related  to  4 ■ 45°  and  that 

The  case  presented  here  is  a special  case,  as  ox  « O.  It  refers  to  a uniaxial  state 

of  stress.  Only  in  a case  like  this,  and  then  only  for  the  direction  in  which  load  0 
acts,  can  the  formulae  (2.1-4)  and  (2.1-5)  be  applied.  The  formulae  (2.1-14),  y 

(2.1-15)  and  (2.1-17)  (2.1-18)  respectively,  have  to  be  applied  for  all  other  directions 
and  whenever  a state  of  stress  other  than  a uniaxial  one  exists. 

If  the  plate  of  Fig  2.1-4  is  also  loaded  with  ax  in  addition  to  oy  (see  Fig  2.1-6), 
the  result  is  a biaxial  state  of  stress.  Analogous  to  Fig  2.1-4,  the  stresses 

y - 0y • cos  4 


x • ox  cos  (90°  “ ♦)  " °x  *in  * 
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are  now  found  in  the  directions  of  the  axes.  From  this  follows: 


o - cx  sin2*  + oy  cos2*  - (ox  ♦ ay)  - ^ (ox  - oy)  cos  2$  (2.1-23) 

t “ ay  sin  2$  — j ox  sin  24  ■ ^ (oy  — °x^  2$  (2.1—24) 

Normal  stresses  and  shear  stresses  in  the  section  are  defined  by  the  relations  (2. 1.-23) 
and  (2.1-24).  Now  the  equation  of  Mohr's  circle  is  as  follows: 


[o  - \ <ax  ♦ cy)]2  ♦ t2  - (oy  - ox)]2  (2.1-25) 

Fig  2.1-7  shows  Mohr's  circle  for  the  biaxial  state  of  stress. 

2. 1.1. 5 Mohr'n  circle  for  strain  or  deformation 

A pattern  similar  to  Mohr's  circle  for  stress,  where  the  shear  stresses  are  plotted  as 
a function  of  normal  stresses,  is  the  circle  for  strain  or  deformation.  The  strain  c 

is  plotted  on  the  abscissa,  half  the  angular  deformation  ^ on  the  ordinate.  Mobr's 

circle  for  strain  or  deformation  can  be  derived  from  Mohr's  circle  for  stress  by 
using  Hooke's  laws  for  the  biaxial  state  of  stress.  As  in  Mohr's  circle  for  stress, 
the  intersection  points  of  circle  and  abscissa  indicate  the  values  of  the  principal 
strains.  Strain  and  shear  deformation  can  be  determined  for  any  direction  by  means 
of  the  deformation  circle. 


Considering  the  strains  on  the  tension  bar  in  Fig  2.1-4  e - -ye.  The  behaviour  of 

* y 

strains  on  the  component  surface  is  shown  in  Fig  2.1-8  for  the  uniaxial  state  of  stress 
(polar  diagram).  Fig  2.1-9  shows  the  associated  deformation  circle. 


If  strain  c,  and  shear  deformation  — i are  to  be  determined  for  any  given  angle  *,  the 
angle  2 * has  to  be  plotted  in  the  centre  of  the  deformation  circle.  The  intersection 
point  of  leg  and  circle  indicates  the  quantities  of  and 

e,  can  also  be  calculated  by  means  of  the  relation 
♦ 


'JL  - 


cos  2* 


(2.1-26) 


resulting  from  the  geometric  correlations  of  the  deformation  circle.  It  is  the  basic 
relation  for  evaluation  of  strain  gauge  rosette  measurements. 

2.12  Metallic  materials  under  cycling  load 

According  to  Section  2.1.1,  a material  is  destroyed  if  a certain  mechanical  stress  is 
applied.  However,  a fracture  of  the  material  can  also  occur  at  stresses  far  below 
the  elastic  limit  if  the  load  is  applied  several  times.  A fracture  thus  obtained  is 
called  an  endurance  fracture  or  a fatigue  fracture. 

In  practice,  fatigue  fractures  can  occur  on  all  machine  parts  subjected  to  alternating 
load  (all  aircraft  components,  crankshafts  etc). 


The  area  of  a fatigue  fracture  basically  comprises  two  regions: 


the  region  of  the  fatigue  fracture 


. the  region  of  the  residual  fracture. 

The  fatigue  fracture  first  consists  of  one  or  more  small  surface  cracks  which  mainly 
develop  in  nicks,  fillets  or  surface  defects  and  slowly  propagate  into  the  component. 
Thus,  the  remaining  supporting  cross  section  is  consequently  reduced  until  it  is  no 
longer  able  to  take  up  the  load  applied. 

From  the  relation  between  residual  cross  section  and  original  cross  section,  conclusions 
can  be  drawn  regarding  stress  level  and  number  of  load  cycles.  The  smaller  the  residual 
cross  section,  the  smaller  the  nominal  stress  and  the  larger  the  number  of  load  cycles. 

In  the  course  of  time,  load  (stress)  amplitudes  of  different  magnitudes  followed  by 
extended  periods  of  rest  occur  in  machine  parts.  This  load  distribution  produces  a 
line  structure  in  the  fatigue  fracture  area  allowing  an  evaluation  of  the  crack  propag- 
ation rate.  At  a continuous  loading  with  uniform  load  amplitudes,  the  formation  of  a 
line  structure  does  not  occur. 
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2.1.3  Dynamic  loading 

Up  to  now  the  material  behaviour  has  been  considered  only  under  the  aspect  that  it  can 
be  idealized  by  a massless  spring.  In  practice,  however,  this  assumption  is  unaccept- 
able if  loads  of  a higher  frequency  act  on  the  work.  The  representation  as  per 
Fig  2.1-10,  characterizing  the  structure  by  means  of  mere  spring  behaviour,  has  to  be 
replaced  by  a description  as  per  Fig  2.1-11. 

The  structure  has  to  be  considered  as  a composition  of  a number  of  masses  coupled  via 
elastic  connections.  The  overall  energy  Impressed  into  the  object  is  distributed 
betwoen  the  spring  energy  proportional  to  deflect- ion  (potential  energy)  on  the  one  hand 
and  the  mass  energy  proportional  to  velocity  (kinetic  energy)  on  the  other  hand, 
the  distribution  depending  on  the  frequency  of  the  impressing  force.  Furthermore,  an 
exchange  of  energies  takes  place  which  is  perfect  within  the  so-called  natural  frequency. 
Due  to  the  distribution  or  exchange  of  energy,  e.g.  for  a beam,  fixed  at  one  end,  a 
static  linear  correlation  between  the  force  introduced  and  the  resulting  strain  dis- 
tribution over  the  surface  of  the  specimen  no  longer  exists  within  the  elastic  range. 
Whereas  quantity  and  direction  of  the  load  are  the  dominant  factors  for  the  resulting 
strain  when  applying  fatigue  loads,  this  strain  is,  in  addition,  affected  decisively 
by  load  frequency  and  resonant  behaviour  of  the  speclamn  in  the  case  of  dynamic  loading. 
Coupling  of  the  different  structural  elements  results  in  local  and  time  varying 
loads.  The  body  vibrates  in  defined  inherent  modes  with  points  of  absolute  rest 
(nodes)  and  maximum  deflection  (antinodes). 

Figs  2.1-12  and  2.1-13  illustrate  the  first  two  flexural  modes  of  yibration  of  a bar 
supported  at  both  ends.  The  result  is  a considerably  varying  stress  distribution 
which  may  cause  (in  the  antiaodes)  high  local  material  loads.  This  condition, 
together  with  the  large  number  of  alternating  loads  resulting  from  the  high  frequency 
can  rapidly  lead  to  fatigue  phenomena.  An  example  of  this  is  the  crack 
development  on  aircraft  panels  caused  by  engine  noise. 

2.2  Physical  fundamentals  of  strain  gauses 

The  strain  gauge  is  a versatile  measuring  device.  Effective  application  however 
requires  knowledge  of  the  laws  governing  the  measuring  effect 

T*  at  (2.2-1) 


In  the  following,  the  basic  correlation  between  changes  in  the  lattice  structure  of  a 
metal  conductor  and  the  elastic  behaviour  occurring  under  mechanical  loads  will  be 
discussed.  In  order  not  to  complicate  the  item  too  much  the  following  derivation  is 
limited  to  uniaxial  stress  states  only.  The  electrical  characteristics  of  conductors 
are  covered  in  Section  2.2.3. 

2.2.1  Elasticity  of  metal  conductors 

The  resistance  wire  of  strain  gauges  consists  of  metal  alloys  (exception:  semi-conductor 

strain  gauges,  ref  Section  2.2.7).  The  crystal  lattice  of  an  alloy  is  similar  to  that 
of  an  ionic  crystal.  As  the  relations  of  ionic  crystals  are  easy  to  deal  with  they 
will  be  used  to  describe  mechanical  behaviour  under  load  (Fig  2.2-1). 

The  elements,  i.e.  atoms,  atom  groups  and  ions,  of  a solid  body  are  retained  in  their 
equilibrium  position  of  a three-dimensional  crystal  lattice  by  predominantly  or 
exclusively  electrical  forces  and  assume  regular  lattice  positions  at  defined  spacings. 
Positioa  within  the  lattice  arises  from  the  equilibrium  between  the  repulsive  effect 
of  the  exchange  force  of  the  atomic  trunks  and  the  electric  force  of  attraction  of  the 
metal  ions  (Coulomb  force).  Fig  2.2-2a  shows  the  behaviour  of  the  individual  forces 
as  dashed  curves;  the  resulting  force  is  Indicated  by  the  sum  of  the  two  individual 
forces . 

The  behaviour  of  the  cumulative  forces  leads  to  the  physical  explanation  of  Hooke's  law, 
i.e.  the  proportionality  between  strain  and  stress  existing  for  both  tension  and  com- 
pression. In  Section  2.1,  this  phenoawnon  has  been  dealt  with  experimentally.  The 
lattice  atoms  are  moved  from  their  equilibrium  positions  if  an  external  force  is  acting 
on  the  crystal  body.  Any  resulting  restoring  forces  can  be  illustrated  quite  vividly 
by  means  of  Fig  2.2-2.  If  the  curve  of  forces  near  the  equilibrium  position  is 
approximated  to  point  A by  means  of  s tangent  (Fig  2.2-2b),  proportional  restoring 
forces  develop  in  both  load  directions  (tension  and  compression).  This  means  that 
when  unloaded  atoms  return  to  their  original  position  the  crystal  body  again  assumes 
its  initial  shape.  This  phenomenon  of  a reversible  deformation  describes  the  elasticity 
on  which  Hooke's  law  is  based. 

2.2.2  Thermal  expansion  of  metsl  conductors 

Fig  2.2-2  can  also  be  used  to  interpret  the  thermal  expansion  of  s crystalline  body. 

Owing  to  the  thermal  effect,  harmonic  forces  act  on  all  atoms  causing  a vibration  of 
the  latter.  The  excitation  forces  increase  with  rising  temperature.  Thus  only  small 
vibration  amplitudes  occur  at  low  temperatures.  As  shown  in  Fig  2.2-2b,  the  deflection 
ie  the  same  for  both  displacemeut  directions;  the  atom  vibrates  about  its  equilibrium 
position. 
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Fig  2.2-2a  shows  that  this  linear  correlation  between  excitation  force  and  deflection  is 
no  longer  true  for  higher  temperatures.  On  the  contrary,  the  amplitudes  of  both 
displacement  directions  now  differ  from  each  other  so  that  vibrational  zero  and  equili- 
brium positions  no  longer  coincide.  The  crystal  body's  volume  has  increased.  This 
relationship  between  temperature  and  volume  explains  the  coefficient  of  expansion  aT 
which  is  well  known  in  engineering. 

2.2.3  Current  conduction  in  a metal  conductor 

The  crystal  lattice  shown  in  Fig  2.2-1  consists  of  positively  charged  atomic  nucleii 
which  are  circled  by  negatively  charged  electrons  on  discrete  shells.  Some  of 
these  electrons  can  move  freely  within  the  crystal  structure.  Therefore,  they  are 
called  conduction  electrons  and  altogether  are  defined  as  electron  gas  because  their 
behaviour  is  similar  to  that  of  a gas.  If  an  external  electrical  field  is  applied, 
this  electron  gas  starts  to  move  in  the  direction  of  the  field.  The  body  is  electri- 
cally conductive.  The  conductivity  x is  defined  by  the  number  of  free  electrons  n per 
unit  volume,  their  elementary  charge  eo  and  their  mobility  u,  the  latter  describing  the 

mean  electron  velocity  per  unit  field  intensity  with  regard  to  a .specific  material. 

X » n*e  *u  (2.2-2) 

o 

The  reciprocal  value  of  x,  p»  is  defined  as  specific  resistance.  The  resistance  of  a 
conductor  (e.g.  strain  gauge)  is  a function  of  its  length  t , its  cross  section  A and 
its  specific  resistance  p . 

R - (2.2-3) 

2.2.4  Change  in  resistance  of  an  unsupported  wire  under  tensile  and  thermal  loads . 

2. 2. 4,1  Strain  sensitivity 

In  the  following  the  characteristics  of  a strain  gauge  wire  will  be  examined.  The 
effects  of  the  transfer  of  strain  through  adhesive  and  supporting  material  are  covered 
in  Section  2.2.5. 

A !> 

If  a wire  with  a resistance  R (equation(2.2-3))is  subjected  to  a strain  c » — -,  then 

t 

AR  - ™ Ac  (2.2-4) 

i i C 


applies  for  small  changes  in  resistance. 

AR 

The  dependence  of  the  relative  resistance  change  — g on  parameters  p , 
can  be  determined  by  partial  differentiation. 


■const 


A i£  ♦ A 1A  _ 1 Ji| 

p 3c  f 3c  J 3c 


Ac 


Including  the  already  known  correlation  (see  also  Section  2. 1.1.1) 


1 3A 
I 3c 


-2u 


A (equation  (2 .2-3)) 


(2.2-5) 


The  following  applies  : 


Ac 


(1  3p 
(p  3c 


♦ 1 + 2u  ■ at  k. 


(2.2-6) 


whore  kp  is  the  sensitivity  factor  of  the  strain  gauge  wire,  called  the  gauge  factor  kp 
(Fig  2.2-3).  For  practical  reasons  Ac  is  normally  simply  written  as  c. 


fiaoge  factor  depends  on  the  material  of  the  strain  gauge  wire  and  is  generally  a function 
of  strain.  This  means  that  changes  in  wire  resistance  are  a function  of  changes  in  the 
geometric  dimensions  and  the  specific  resistance.  These  characteristics  are  non-linear. 
(Fig  2.2-4). 

In  the  elastic  range  at  » - 0.3,  the  gauge  factor  kp  assumes  a value  of  about  2 with  the 

typical  strain  gauge  measuring  grid  alloy  constantan.  Thus,  the  proportion  resulting 
from  changes  in  specific  resistance  is  20%.  The  effect  of  specific  resistance  does 
not  apply  to  the  plastic  range  as  the  crystal  lattice  of  the  strain  gauge  wire  will  not 
be  deformed  in  this  range,  but  each  state  of  deformation  has  an  identical  lattice 
structure  due  to  a displacement  of  the  lattice  planes.  Considering  the  fact  that  u 
in  the  plastic  range  assumes  the  value  0.5,  the  result  is  again  a gauge  factor  2. 
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Because  of  the  abovementioned  non-linearity,  only  alloys  having  a gauge  factor  that  is 
constant  within  broad  ranges  of  strain  are  of  interest  for  the  manufacture  of  strain 
gauges  (see  Chapter  4).  This  requirement  considerably  reduces  the  number  of  possible 
alloys  available  for  strain  gauges  (Table  2.2-1). 


Table  2.2-1:  Survey  of  the  most  important  characteristics  of  some  grid 

materials  for  strain  gauges  (Ref  (95)) 


Alloy 

Trade 

Name 

Composition 
in  % 

Oauge  Factor 

Elas-  Plas- 
tic tic 

Temperature 
Coefficients  of 

Coeffic- 
ient of 
expansion 

“t 

ioV1 

Specific 

Resis- 

tance 

p , pfl'cm 

Remarks 

Gauge 

Factor 

^J/100K 

Electrical 

Resistance 

aR 

!0-V 

Constantan 

Advance 

Eureka 

55-60  Cu, 
45-40  Ni 

2.1  2.0 

+1 

-20* +20* 

15 

49 

Low  scale 
resis- 
tance 

Nlchrome  V 

Brightray 

"C" 

80  Ni,  20  Cr 

2.2-  -2 
2.5  * 

0*-2** 

60*100* 

15 

108 

Solid 

oxide  skin 
change  of 
crystal 
structure 
at  720K; 
strong 
effect  of 
cold 
working 

Karma  and 
modifi- 
cations 

74  Ni,  20  Cr 
(Fe,  Al.  Cu 
of 

different 

quantities) 

2.0-  -2 
2.3 

-1 *-3** 

-10i+10* 

13 

133 

Change  of 
crystal 
structure 
at  770K ; 
strong 
effect  of 
cold 
working 

ISO 

Elastic 

(Elinvar) 

36  Ni,  8 Cr, 
0.5  Mo,  Fe 
(balance) 

3.6  2.0 

40 

7.2 

88 

Platinum 

Tungsten 

8-10W, 

Pt 

(balance) 

4*6  -2 

-3.5 

50*150* 

9 

. 

75 

Excellent 

scale 

resistance 

stable 

Amour 

alloy 

»D" 

70  Fe,  20  Cr 
10  Al 

2.2 

-1.5 

-110 

16 

176 

Strong 
effect  of 
heat 

treatment , 
corrosion 
drift  part 
ly  compen- 
sated by 
change  of 

* 


*« 


according  to  cold  working  or  heat  treatment 
according  to  temperature  range 
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2.2.4. 2 Temperature  sensitivity 

According  to  equation(2.2-5)  the  dependence  cf  the  relative  resistance  change  — R 
obtained  in  this  case  by  partial  differentiation  according  to  the  temperature . 


AR 


From  ( -K 


if  a„ 


V _ 

1 . 3P  + I. 

at 

1 

3A 

4*=o 

p 3T  * l 

3T 

A 

3T 

AT 


coefficient  of  thermal  expansion 


is 


(2.2-7) 


1 3P 

*A  £ = 0 

P * 3T  ~ “T 

AT 


(2.2-8) 


The  term  in  parentheses  defines  the  temperature  coefficient  aR  of  a metal  conductor 
which  again  describes  the  change  in  resistance  as  a function  of  temperature 


•AT 


Some  numerical  values  for  are  stated  in  Table  2.2-1. 


(2.2-9) 


Generally,  aR  is  a function  of  the  temperature.  As  the  temperature  approaches  absolute 
zero,  oig  tenas  towards  a limit  value;  however,  at  a critical  temperature  the  character- 
istic of  each  conductor  material  suddenly  drops  to  an  unmeasureable  value  (p->  0),  and 
the  conductor  becomes  a superconductor. 

2.2.5  Strain  sensitivity  of  a bonded  strain  gauge 

The  gauge  factor  k„  of  an  unsupported  conductor  material  at  a uniaxial  state  of  stress 
has  been  describeduin  Section  2. 2. 4.1  (equation  (2 . 2-6 )) . However,  if  a strain  gauge 
is  applied  to  a component  which  is  then  expanded,  a very  complex  strain/stress  state 
occurs.  This  results  in  errors  in  the  transfer  of  strain  from  the  component  via  the 
adhesive  and  supporting  material  to  the  measuring  grid.  In  this  case,  the  strain 
sensitivity  is  mainly  affected  by  the  shape  and  characteristics  of  the  measuring 
grid,  the  supporting  material  and  the  adhesive  resulting  in  a gauge  factor  k of  the 
bonded  strain  gauge,  which  is  always  smaller  than  that  of  an  unsupported  wire  (kn) 
i.e.  k < kQ. 

2. 2. 5.1  A model  for  illustrating  the  strain  relations  in  a bonded  strain  gauge 

This  chapter  describes  the  conditions  on  which  the  geometric  dimensioning  of  a strain 
gauge  is  based.  Referring  to  Kef  (2)  the  strain  and  stress  behaviour  of  the  wire 
strain  gauge  can  be  illustrated  by  a model  as  shown  in  Fig  2.2-5. 

Assuming  that  adhesive  and  supporting  material  form  a homogeneous  structure  and  that 
the  overall  modulus  of  elasticity  of  the  supporting  layer  TS  thus  formed  is  smaller 
than  the  modulus  of  elasticity  of  the  wire  (Ep),  the  transfer  of  strain  is 
characterized  by 

£ ij»0 

. the  transfer  length  and  the  transfer  function  = f(x),  respectively 

BT  c B 

Indicating  the  strain  behaviour  between  component  B and  supporting  layer  TS , 
and 

c. 


o 

:To 


f(0.  respectively 


. The  transfer  length  rTD  and  the  transfer  function 

indicating  the  introduction  of  strain  from  the  supporting  layer  to  the 
measuring  grid  D.  x indicates  the  linear  length  of  the  supporting  layer 
and  £ the  linear  length  of  the  wire. 

The  gradual  transfer  of  strain  at  the  ends  of  supporting  layer  and  grid,  respectively, 
is  typical  and  also  explains  the  differences  between  grid  material  and  strain  gauge 
sensitivity  factors.  In  Fig  2.2-5,  the  grid  wire  sensitivity  factor  is  represented 
by  the  area  of  the  rectangle  indicated  by  broken  lines,  while  the  strain  gauge 
sensitivity  factor  is  represented  by  the  shaded  area. 

2. 2. 5. 1.1  Transfer  of  strain  from  the  component  to  the  supporting  layer 


Photoelastic  tests  have  shown  that  the  transfer  function 


~To 
: B 


f (x)  is  based  or,  the 


effect  of  the  shear  stresses  x in  the  supporting  layer.  The  shear  stresses  are 
concentrated  at  the  strain  gauge  ends  and  rapidly  decrease  towards  the  centre  of  the 
strain  gauge  (Fig  2.2-6b).  Thus,  only  a minor  part  of  the  supporting  layer,  the 
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transfer  length  tgT,  is  involved  in  the  introduction  of  strain  into  the  measuring  grid 

plane.  This  means  that,  contrary  to  some  conceptions  encountered  in  practice,  special 
care  has  to  be  taken  with  regard  to  perfect  adhesion  at  the  boundaries  when  bonding 
strain  gauges.  In  Fig  2.2-6 c the  elements  involved  are  represented  by  combined  spring 
elements  while  supporting  material  and  adhesive  are  symbolized  by  bending  springs  and 
the  measuring  grid  by  a tension  spring.  Fig  2.2-6d  shows  the  resulting  stiffness  model 
according  to  which  the  transfer  function  e_ 

7 — - f(x) 
eB 

depends  on  the  overall  shear  resilience  of  the  supporting  layer  with  the  shear  modulus 
(see  Section  2. 1.1. 2). 


2(1  + pT*) 


(refer  equation  (2.1-7)) 


The  parameters  identified  by  an  asterisk  indicate  the  material  constants  for  the  connect- 
ion resulting  from  the  interaction  of  adhesive  and  supporting  materials. 


The  effective  modulus  of  elasticity  ET  can  be  approximated  from  the  moduli  of  elasticity 

of  the  supporting  material  (E_)  and  the  adhesive  (E..)  as  well  as  the  associated  layer 
thicknesses  3^  and  3^. 


Ek  ET 

7k  ' 7T 


Ot  + ak) 


(2.2-10) 


applies  (Ref  2)). 


Table  2.2-2  Shear  modulus  G for  various  adhesives  and  overall 
shear  modulus  G*  for  various  supporting  layers 
(Ref  (3)  ) . 


Supporting  Material 


Agol  cellulose  adhesive 

Agol  + strain  gauge  paper 

BF2  hot -curing  resin  adhesive 

BF2  J phenolic  resin 
supporting  material 

X 60  adhesive 

X 60  + acrylic  resin 
supporting  material 

BC  6035  resin 

BC  6035  + phenolic  resin 
supporting  material 


Shear  Modulus 
G,  G*, 

2 

N/mm 

Shear  Strength 
N/mm2 

300 

5 

4 

50C 

4 

2 

1000 

26 

r 

1250 

10 

8 

1580 

36 

9 

1170 

27 

5 

2600 

24 

0 

2370 

23 

.1 

iSome  typical  numerical  values  for  G*  and  G,  respectively,  at  room  temperature 
are  stated  in  Table  2.2-2. 

Fig  2.2-7  shows  the  associated  temperature  dependence  for  some  examples. 
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2 . 2 . 5 . 1 . 2 Strain  transfer  from  che  supporting  layer  to  the  measuring  wire 

When  applying  the  strain  gauge,  the  relations  occurring  during  the  transfer  of 
strain  from  the  component  to  the  measuring  grid  plane  can  be  affected  by  the  adhesive 
used,  the  thickness  S,r  and  the  length  iT  of  the  supporting  layer,  the  strain  transfer 

from  the  supporting  layer  to  the  measuring  wire  is  determined  by  the  geometric  dimensions 
of  the  wire  reversal  points  and  by  the  material  characteristics  of  supporting  layer  and 
measuring  wire.  Both  factors  are  preset  by  the  manufacture  of  the  strain  gauge. 

Fig  2.2-8  indicates  the  effect  of  the  wire  reversal  points  and  shows,  particularly  by  the 
development  as  per  Fig  2.2-8b,  that  not  all  wire  sections  of  the  meander-like 
measuring  wires  are  in  the  direction  of  strain. 

Oving  to  the  geometric  shape  of  their  reversal  points,  the  section  beginnings  and  ends 
are  expanding  less  than  the  component  strain  eR  which  is  assumed  to  be  constant, 
a biaxial  state  of  stress  prevailing  in  the  component  or  with  a uniaxial  state  of  stress 
due  to  the  effect  of  transverse  contraction,  even  negative  strains  (linear  compressions) 
may  occur. 

Theoretical  studies  have  shown  (Ref(3))that  the  relative  transverse  strain  absorption, 
i.e.  the  transverse  strain  as  a function  of  the  strain?  absorption  of  the  straightened 
measuring  wire  in  the  direction  of  strain,  mainly  depends  on  the  measuring  length  u, 
the  radius  of  the  reversal  points  as  wall  as  the  relation  between  moduli  of  elasticity 
of  wire  and  supporting  layer.  The  resulting  errors,  will  be  covered  in  Chapter  4. 

The  relation  Eg/Ei  has  a decisive  effect  on  the  behaviour  of  e0/eTo  = f(C)  and  thus  on 
gauge  factor.  u For  commercial  strain  gauges  the  value  for  E^/Erp*  at  room  temperature  is 
about  100.  If  the  plastic  supporting  layer  softens  e.g.  due  to  increasing  temperature 

(dE/dT  (plastics)  >dE/dT  (metal),  the  supporting  layer  can  no  longer  accurately  impress 
the  strain  into  the  measuring  wire  resulting  in  a flattening  of  the  transfer  function 
e0/6to  and  thus  an  increase  in  the  transfer  length  1--..  This  is  one  of  the  reasons 
for  the  temperature-  dependence  of  the  gauge  factor. 


2. 2. 5. 1.3  Conclusions 

Important,  findings  for  practical  utilization  arc: 

. The  gauge  factor  k associated  with  each  strain  gauge  refers,  among  other  things, 
to  the  geometric  dimensions  of  the  gauge.  A shortening  of  the  supporting 
material  In  order  to  deal  with  spatial  limitations  on  the  component  to  be  tested 
can  result  in  an  overlapping  of  the  transfer  function  £To/eB  and  e0/eTo 
and  thus  cause  a reduction  in  the  gauge  factor.  It  should  be  noticeable  only 
if  a shortened  strain  gauge  is  calibrated.  The  associated  expenditure  of  time 
and  equipment  can  be  avoided  if  strain  gauges  of  smaller  dimensions  are  used. 

. Stiff  supporting  layers  have  short  transfer  lengths  ^BT-  However,  it  has  to 

be  taken  into  consideration  that  a large  shear  modulus  G of  the  adhesive  results 
in  a separation  of  component  and  adhesive  in  the  case  of  inadequate  adhesion. 

In  the  case  of  an  adequate  adhesion,  the  shear  stress  reaches  its  peak  values 
at  the  ends  of  the  supporting  layer.  Studies  on  this  matter  have  shown  that 
in  the  case  of  strain  gauges  with  brittle  supporting  material,  these  shear 
otress  peaks  can  reach  the  shear  strength  of  the  supporting  material  and  the 
subsequent  destruction  of  the  supporting  material  results  in  an  uncontrolled 
separation  of  the  strain  gauge  from  the  component.  This  behaviour  becomes  very 
obvious  during  strain  measurements  in  the  cryogenic  temperature  range  if  an 
unfavourable  adhesive-supporting  material  combination  is  selected. 

. The  transfer  length  tg,p  increases  with  rising  temperature  because  the  shear 

modulus  G and  G's , respectively,  diminishes.  £ s in  the  case  of  the  strain  gauge 

shortening  already  mentioned,  this  can  also  result  in  an  overlapping  of  the 
e t0 / e i3  and  eo^ETo  and  cause  a reduction  in  the  gauge  factor. 

At  cyrogenic  temperatures  this  phenomenon  does  not  occur. 


. If  sufficient  space  is  available  on  the  component,  strain  gauges  with  large 

measuring  grid  lengths  are  recommended.  These  enable  more  reliance  to  be  placed 
on  the  gauge  factor  stated  by  the  manufacturer,  p reduction  in  temperature 
coefficient,  smaller  transverse  sensitivity  and  finally  a minimum  deviation  in 
the  linearity  of  the  characteristic  curves.  (Ref(94)). 

2.2.6  Thermal  behaviour  of  a bonded  strain  gauge  under  mechanical  load 

So  far  the  mechanism  of  a strain  gauge  wire  has  been  considered  under  mechanical  load 
(Section  2,2.4.1)or  under  the  effect  of  temperature  (Section  2. 2. 4. 2)  alone.  This 
section  will  explain  the  behaviour  of  a bonded  strain  gauge  under  combined  thermal  and 
mechanical  load.  In  this  case  the  following  applies  to  the  change  in  resistance: 
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AR  - ||  Ae  + AT  (2.2-11) 

Disturbing  variables  affecting  the  measuring  signal,  such  as  mechanical  and 
mechanical /thermal  reactions  of  the  strain  gaujje,'  will  be  neglected  (see  Section  8.1.3). 

If,  for  example,  a tension  bar  is  subjected  to  load,  a stress  c will  be  present  in  the 

bar  (e  ) aud  stress  o„  in  the  strain  gauge  (eM).  An  additional  increase  in  temperature 
result®  in  M " 


ez  + a7.  iT  “ eM  + aU  4T  (2.2-12) 


where  o„  and  are  the  coefficients  of  linear  expansion  for  bar  and  strain  gauge 
respectively. 

Thus,  the  result  will  be 

£y  « ez  + (oz  - ay)  AT  (2.2-13) 


If  the  equations  (2.2-6)  and  (2.2-8)  are  incorporated  into  equation  (2.2-11),  (see  also 
Section  2.2.5)  then 


• £y*k  + aR  AT  (2.2-14) 

If  the  equation(2 .2-13)is  now  incorporated  into  equation(2 .2-14^  then 


- ez-k  + k(az  - ay)AT  + aRAT  (2.2-15) 

or 

. ez.k  + [aR  + k(az  - ay)]  AT  (2.2-16) 

Thus  a thermal  term  is  superimposed  on  the  mechanical  term.  The  thermal  term  is  composed 
of  the  difference  between  the  coefficients  of  linear  expansion  of  the  specimen  (a  ) and 
strain  gauge  alloy  (ay)  and  of  the  resistance  temperature  coefficient  of  the  strain  gauge 

alloy  ( aR) . This  is  also  the  case  when  a biaxial  state  of  stress  is  present  in  the 
component  surface. 

by  caroful  selection  of  the  strain  gauge  materials  it  is  possible  to  keep  the  effect  of 
the  second  term  in  equation(2.2-16)very  low.  In  this  respect,  the  manufacturers  offer 
a great  variety  of  so-called  adapted  temperature  coefficients  for  all  important  component 
mat, rials-  However,  this  self-compensation  is  effective  only  for  a limited  temperature 
■•an$..e  (Fig  2.2-li'b).  In  the  case  of  large  temperature  changes  AT  (see  Chapter  8),  it 
has  to  be  considered  also  that  all  parameters  stated  in  equation( 2 ,2-16)are  functions 
of  the  temperature.  By  means  of  correct  circuitry  however,  the  effect  of  the  temper- 
ature changes  can  be  largely  compensated,  (refer  to  Section  3. 1.1.1). 


2.2.7  Semi-conductor  strain  gauges 

Sometimes  semi-conductor  strain  gauges  have  been  used.  However,  disadvantages  have 
become  apparent  during  their  application.  As  a result,  semi-conductor  strain  gauges 
are  mainly  used  in  the  manufacture  of  transducers  where  accurate  application  and 
subsequent  calibration  ensure  near  perfect  conditions. 

The  basic  structure  of  a semi-conductor  strain  gauge  is  shown  in  Fig  2.2-9.  Its  essent- 
ial advantage  as  compared  to  the  metal  strain  gauge  is  its  higher  sensitivity.  Many 
problems  typical  of  strain  gauges  largely  disappear  due  to  the  larger  output  signals. 
Measurements  can  often  be  performed  without  an  amplifier.  In  addition,  the  smaller 
dimensions  and  the  larger  variety  of  resistance  values  (from  ^60 n up  to  several  kfl)  are 
important.  On  the  other  hand,  there  are  grave  disadvantages,  non-linearity  being  the 
most  inconvenient  factor  apart  from  the  considerable  temperature  dependence  of  the 
resistances  and  the  sensitivity.  Their  application  is  only  practical  when  small  strains 
have  to  be  measured.  The  so-called  piezoelectric  effect  that  causes  the  change  in 
resistance  of  a semi-conductor  and  its  effect  on  the  application  of  semi-conductor  strain 
gauges  will  be  discussed  later.  (Ref(22)). 
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2. 2. 7.1  Correlation  between  electric  conductivity  and  mechanical  strain 

2. 2. 7. 1.1  p-  and  n-type  conductivity  of  semi-conductors 

A semi-conductor  is  any  material  of  crystalline  structure  that  is  not  held  together 
by  metallic  bonds  so  that  its  conductivity  is  inferior  to  that  of  metals. 

A typical  semi-conductor  material  is  silicon.  Its  atomic  structure  shows  in  the 
undistorted  state  an  equilibrium  between  the  positive  charge  of  the  nucleus  and  the 
negative  charge  of  the  electrons  circling  the  nucleus.  However,  the  binding  of  the 
four  electrons  circling  on  the  outer  shell  to  the  nucleus  is  not  very  strong  so  that 
there  is  a tendency  to  lose  an  electron  ever,  at  the  slightest  increase  in  energy. 

This  characteristic  becomes  particularly  apparent  if  positively  (such  as  arsenic)  or 
negatively  (such  as  indium)  charged  atoms  are  incorporated  in  the  semi-conductor 
crystalline  structure.  (This  process  is  called  doping). 

The  conduction  process  will  now  be  considered  for  a case  where  positively  charged  atoms 
are  incorporated.  If  an  electric  field  Is  applied  (supply  of  energy),  electrons  separ- 
ate from  the  outer  shell  of  the  silicon  atoms.  These  negatively  charged  electrons  are 
"drawn  in"  by  the  positive  charges  of  the  impurity  atoms  (acceptors).  (Pig  2.2-10). 

The  electrons  then  move  in  the  opposite  direction  to  the  applied  field.  The  process 
resembles  a movement  of  positive  charges  (hole  conduction)  in  the  direction  of  the  field. 
The  conduction  resulting  from  the  positive  charge  of  the  impurity  atoms  is  called  a 
p-type  conductivity.  Unlike  metallic  conduction  where  an  electron  cloud  is  moving 
freely  and  continuously,  the  conduction  of  doped  semi-conductors  is  characterized  by  a 
discontinuous  electron  exchange. 

If  negatively  charged  impurity  atoms  (donors)  are  incorporated  in  the  crystalline  form- 
ation, they  lose  their  electrons  when  an  electric  field  is  applied.  The  lost  electrons 
are  replaced  by  electrons  from  the  outer  shells  of  the  silicon  atom.  An  n-type 
conductivity  occurs  (Fig  2.2-11). 

2. 2. 7. 1.2  The  piezoelectric  effect 

Changes  in  the  resistance  of  metal  strain  gauges  are  caused  mainly  by  changes  in  the 
conductor  volume  (see  Section  2.2.4).  Changes  in  the  resistance  of  semi-conductor 
strain  gauges  are  largely  based  on  changes  in  the  movement  of  the  charge  of  carriers 
i.e.  the  change  of  the  specific  resistance.  This  is  a result  of  the  piezoelectric 
effect  described  below. 

As  already  indicated,  the  conductivity  of  semi-conductors  will  develop  only  after  supply 
of  defined  energy  quantities,  as  the  electrons  are  at  certain  energy  levels  below  the 
conductivity  threshold.  These  levels  shift  under  load.  This  shift  appears  as  a 
change  in  conductivity  and  is  called  the  piezoelectric  effect. 

2 . 2 . 7 . 1 . 3 Strain  sensitivity  of  a bonded  semi-conductor  strain  gauge 

Equation( 2 .2-6) can  be  used  to  interpret  the  gauge  factor  of  a semi-conductor  strain  gauge. 
Unlike  rnetal  strain  gauges  which  always  have  positive  gauge  factors,  the  gauge  factor  of 
semi-conductor  strain  gauges  can  be  negative.  The  value  and  behaviour  of  the  gauge 
factor  depends  on  the  semi-conductor  material  used  (Ge  or  Si),  the  type  of  conductivity 
(p-type  or  n-type),  the  crystal  orientation  and  the  component  strain  value  (Fig  2.2-12 
and  Fig  2.2-13). 

The  relation  between  the  change  in  resistance  shown  in  Fig  2.2-12  and  the  strain  is  largely 
non-linear,  The  non-linearity  generally  increases  with  growing  gauge  factor  as  can  be 
seen  by  the  slope  of  the  curve  in  Fig  2.2-12.  For  example,  a p-type  Si  strain  gauge 
with  a gauge  factor  120  shows  a non-linearity  of  about  1%  at  a strain  of  1000  um/ra. 

The  non-linearity  of  the  respective  n-type  Si  strain  gauges  is  larger  by  a factor  of 
two  or  three.  In  order  to  obtain  as  large  a measuring  effect  as  possible,  a large 
specific  resistance  and  thus  a large  gauge  factor  (see  Fig  2.2-13)  will  be  selected. 

Fig  2.2-14,  however,  shows  that  the  errors  caused  by  temperature  change  increase  with 
the  gauge  factor,  Thus,  the  advantage  of  high  sensitivity  has  to  be  paid  for  with  the 
disadvantages  of  larger  errors  caused  by  temperature  changes  and  non-li  sarity. 

The  statements  of  Section  2.2.5  concerning  the  strain  transfers  also  apply  to  semi- 
conductor strain  gauges. 

2. 2. 7. 1.4  Thermal  behaviour  of  a bonded  semi-conductor  strain  gauge 

The  thermal  behaviour  of  a semi-conductor  strain  gauge  can  also  be  described  by  the 
equation  (2.2-16)  already  stated  in  Section  2.2-6. 

The  gauge  factor  as  well  as  the  resistance  temperature  coefficient  aR  of  the  most 
commonly  known  Si  strain  gauges  are  positive  for  p-type  Si.  A self -compensation  of 
thermal  effects  would  thus  be  possible  only  if  the  coefficient  of  linear  expansion  a„, 
of  the  strain  gauge  were  larger  than  the  coefficient  of  linear  expansion  aB  of  the 
component.  Construction  materials,  however,  do  not  comply  with  this  condition  so  that 
a relevant  compensation  can  be  obtained  only  by  using  appropriate  circuitry  (see 
Section  3 . 1 . 1 . 1 ) . 
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The  gauge  factor  in  the  case  of  n-type  Si  is  negative  with  positive  aR, 
self-compensation  of  thermal  effects  it  is  necessary  that  »g  > am . H 

It  is  technically  possible  to  realize  self-compensation  in  this  case  if 
“r  “ ~ ( “b  aHT.) 

is  met  by  an  appropriate  setting  of  the  gauge  factor. 

Fig  2.2-15a  finally  shows  the  apparent  strains  (see  Section  8.1.3)  of  a 
n-type  Si  strain  gauge,  each  bonded  to  steel.  The  compensating  effect 
strain  gauge  can  be  clearly  identified. 

In  consequence,  n-type  Si  is  mainly  used  for  semi-conductor  strain  gauges. 

2.2.8  Determination  of  the  gauge  factor  k 

Each  strain  gauge  package  contains  among  other  things  the  following  supplier  information: 

- gauge  factor  k 

- gauge  factor  variance 

- relationship  between  gauge  factor  and  temperature  within  a defined 
temperature  range . 

A verification  of  these  values  can  be  gained  by  applying  the  following  calibration  method 
as  described  in  NAS942,  ASTME251-86T  and  VDE/VDI2635  (Refs  (31),  (26),  (28)). 

For  this  purpose  several  sample  strain  gauges  are  bonded  on  to  a bending  beam.  The 
bending  moment  is  introduced  by  defined  deformation,  not  by  force.  This  has  the 
following  advantages: 

- the  bending  radius  is  independent  of  temperature 

- creep  effects  are  negligible 

- easier  handling  because  of  reduced  tendency  to  oscillate. 

Either  a triangular  beam  fixed  on  one  end  or  a bending  beam  with  constant  cross-section 
being  supported  at  four  points  is  used.  By  measuring  the  relative  resistance  change 
and  calculating  the  corresponding  strain,  the  gauge  factor  can  be  determined  by 
equation  (1 . 2-1 ) . 

The  major  disadvantage  of  this  calibration  method  is  its  high  sensitivity  on: 

- variations  of  beam  thickness 

- variation  in  thickness  of  adhesive 

In  order  to  get  confident  results  therefore  extreme  care  must  be  applied. 

References:  (2),  (3),  (22),  (61),  (62),  (76),  <S1),  (83),  (84),  (94). 

3.0  THE  MEASUREMENT  OF  THE  RESISTANCE  CHANGES  OF  STRAIN  GAUGES 

As  a strain  gauge  changes  its  resistance  when  strain  is  applied,  it  is  necessary  with 
respect  to  the  resolution  and  accuracy  of  the  meas,  rement  to  carefully  select  the  most 
appropriate  method  of  recording  small  resistance  changes. 

Resistance  is  a specific  quantity;  it  is  the  ratio  of  the  fundamental  quantities 
voltage  and  current: 

R = y (3.0-1) 


so  that  for 

the  condition 

(2.2-17) 

p-type  and  an 
of  the  n-type  Si 


In  view  of  this  a resistance  can  be  determined  only  indirectly  by  means  of  the 
fundamental  quantities.  The  simplest  measuring  circuit  is  the  voltage  divider  circuit 
shown  in  Fig  3.0-1. 


With  the  resistance  R known  and  the  constant  supply  voltage  U , the  relation  between 
U and  R is  s 

m x 


R + R„ 


If  Rx  is  slightly  changed  by  ±ARx 


U ±AU 
m m 


(R> 


then  the  relation  becomes 

±ARX) 


(3.0-2) 


(3.0-3) 
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As  ABX  in  case  of  strain  gauge  measurements  is  very  small  with  respect  to  (8  *ARX) 
equation  (3.0-3)  can  also  be  written 


Um±iUm  ^SRTT 


(1 


±arx. 


(3.0-4) 


According  to  equation  (3.0-4)  the  total  voltage  to  be  measured  is  composed  of  the 
relatively  small  but  interesting  component  AU  and  the  many  times  greater  dc  voltage 

portion  Um.  As  resolution  and  accuracy  of  the  measurement  device  are  determined  by 
the  overall  voltage,  whereas  only  AUm  needs  to  be  measured,  the  arrangement  as  shown 
in  Fig  3.0-1  possesses  severe  disadvantages. 


Because  of  the  big  dc  voltage  portion  it  is  practically  impossible  to  amplify  the  output 
voltage  in  order  to  get  a higher  resolution  concerning  AU  . Any  amplification  would 

CD 

immediately  lead  to  an  overloading  of  the  signal  conditioning  equipment. 

The  analysis  of  equation  (3.0-4)  has  shown  that  the  very  simple  circuit  of  Fig  3.0-1  is 
not  useful  for  static  strain  measurements  It  has  been  used  nevertheless  in  some 
cases  for  dynamic  measurements  where  it  is  possible  to  eliminate  the  influence  of 
the  dc  voltage  portion  by  meaus  of  a capacitive  decoupling. 


To  allow  some  judgment  about  the  correct  usage  of  this  technique  in  specific  cases, 
the  elementary  mathematical  laws  are  given  below. 


For  the  purpose  of  a dynamic  resistance  change  Fig  3.0-2  can  be  replaced  by  an 
alternate  circuit  with  the  power  source 


AR 


"x  R ♦ Rx  s 
and  the  internal  resistance 


R*R 
I TT-R 


(see  Fig 3.0-3) 


From  this,  the  measuring  voltage  results  in 


U. 


m “ ITS. 


J“RmC 


x R-Rx 

1 + Xr-T^  * Bm)C 


4RxUs 


If,  in  addition,  the  following  applies 


R >>  K 
m 

R >>  Rv 

D X 


then  we  have 
Um  “ 


l j w R C 

R TT ' j uK~C  AHxUs 


(3.0-5) 


(3.0-6) 


The  amplitude  behaviour  and  thus  the  frequency  dependent  relation  of  measured  and  actual 
unbalance  is  described  by 


(3.0-7) 

i 


Fig  3.0-4  demonstrates  that  sufficient  accuracy  will  result  only  at  ll|CRm  15. 

Despite  its  very  simple  structure  this  circuit  is  not  used  often.  Two  reasons  for  this 
are  firstly  the  fact  that  in  most  cases  the  static  unbalance  is  important  and  secondly 
the  circuit  is  very  sensitive  to  interference  existing  on  the  supply  voltage. 

A measuring  technique  adapted  to  the  requirements  has  to  be  independent  of  the  dc  voltage 
as  it  appears  in  equation  (3.0-4).  Fundamentally  this  leads  from  the  absolute  measure- 
ment of  one  voltage  to  a comparative  measurement  between  two  voltages.  Thus  the 
voltage  drop  occurring  at  the  measuring  resistor  in  the  unloaded  condition  is  compen- 
sated by  a reverse  voltage.  The  easiest  way  of  realizing  this  circuit  is  paralleling 


■ 7= 

ux  /T7 


< 1 


20 


two  voltage  dividers.  The  resulting  circuit  is  the  Wheatstone  bridge  circuit  (Fig  1.2-2) 
Here  the  measuring  voltage  UQ  is  only  a function  of  the  unbalance  &R2. 

The  Wheatstone  bridge  is  the  predominant  measuring  circuit  for  strain  gauge  measurements. 
It  is  therefore  necessary  to  investigate  its  characteristics  in  some  detail . 

3.1  Current  and  voltage  distribution  in  a Wheatstone  bridge 

It  is  not  intended  to  deal  with  the  complete  theory  of  the  Wheatstone  bridge  in  this 
paper.  However,  as  it  is  of  critical  importance  for  the  measurement  of  strains  and 
related  quantities  such  as  stresses  and  loads,  the  fundamental  laws  will  be  investig- 
ated. In  individual  cases  it  will  then  be  possible  to  handle  a special  problem  for 
which  otherwise  normal  simplf ications  are  not  applicable. 

The  measuring  circuit  of  Fig  3.1-1  can  be  described  by  the  four  bridge  arm  resistances 
R^  (i"l,  2,  3,  4),  the  supply  voltage  Ufi  including  its  source  resistance  Rq,  the  output 

resistance  R^  and  the  resulting  currents  IQ,  I 1 and  Ig. 

According  to  Kirchhoff's  laws  the  following  mesh  equations  are  valid: 


Va  - <R3+R^Rq>  Ic 


-R3  Ii 


O - 


+(Rl+R3+Rm)  Ij 


-Rm 


(3.1-1) 


-Rm  +(R2+R4+Rm)  I2 


or  in  matrix  form 


UL)«  [R]  (I) 


with  the  supply  voltage  vector  (U },  reply  vector  (I)  , and  the  symmetrical  3x3 
bridge  matrix  [R] . 


R3  ♦ R4  + R„ 


Ri  + R3+R„ 


-«m 

R2  ♦ Ri,  + 


by  solution  for(I)  equation (3 . 1-2  )leads  to 

a)  - r.R]*l(us} 

with  regard  to  the  mesh  currents . 

Now  it  ia  possible  to  determine  all  other  quantities  with  the  (aquation (3. 1-4  ). 
With  -j  . 

M - 5sf[RT  £adJ  r3 


( R J +R  3 +Rm  ) ( R2  +R4  +Ra ) -Rm2  R3(R2+R‘*'fRn)+R4Rnj 


R4(Ri+R3+Rm)+R3Rn) 


[adj  R]-  R3(R2+R4+Rm)+R4Rm 


(R3+R4+R  )(R2+R4+Rm)-R42  Rm(R3+R4+Rq)+R3R<. 


L R4(Ri+R3+RB)+R3Rm 

the  loop  currents  are 


Rm(R3+R44-Rq)+R3R4 


Io  ” detW  £<ri+  R3+  Rm)  (Rz+  R**  + Rm)  “ Rm^Us 

13  “ astW  [ R3(Rz+  R4+  V + R-Rm]  Us 

Iz  “ det[R}  C Rw(Ri+  Rs+  %)  * R3Rm]  U8 


(R1+R3+Rm)(R3+R4+Rq)-R32 


det  [R]  can  be  written  as 

det[Rl  - Rq(Rl+R3)(R2+  R4)+R1R3(R2+  R4)  + R2R4(Rj+  R-,) 

+Bm[Rq(R,‘fRi+R3+R"  ) + <Ri+R2HR3+R4)] 
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The  output  voltage  is  then  (see  also  Fig  3.1-1) 

°B  ■ ■ (I1  - l2)  “b 

°b  - astw  (B2®3 " HlR‘*)  B»°«  <3,1‘8) 


Equation  (3.1-8)  clearly  demonstrates  the  factors  decisive  for  the  final  result 
power  supply  voltage  Us 
source  resistance 

bridge  ara  resistances  B^  (1-1,  2,  3,  4) 
output  resistance  B^ 

Taking  into  account  a number  of  technical  factors,  the  correlations  can  be  considerably 
simplified.  It  can  be  generally  assumed  that  the  output  resistance  is  very  large 
compared  to  tbe  bridge  ara  resistances.  Ou  the  other  band  it  is  permissible  to  neglect 
tbe  supply  voltage  source  resistance  B for  most  of  tbe  applications.  Thus  based  on 
tbe  notations  as  shown  in  Fig  3.1-1  with 

®B  * ’ 

B + 0 

q 

det  [b]  can  be  written 
det  [Bj £ Rm(Bi+  R2XB3+  R4) 


The  rapid  development  of  electronics  has  led  to  the  situation  where  more  and  more  current 
controlled  bridges  are  used  because  it  is  possible  to  control  more  effectively  tbe 
influence  of  the  lead  wires.  However,  this  technique  has  the  disadvantage  that  the 
result  is  given  in  tbe  dimension  of  resistance. 


The  following  therefore  contains  a comparison  of  tbe  most  important  fundamental  relations 
for  voltage-controlled  and  current  controlled  bridges  (Ref(23)). 


u is  constant 
(Rm  - -•  Rq  - °> 
Bridge  output  voltage 

C R2R3  - RiR., 


IB  is  constant 

<Rm  " •-  Rq  " -> 


R2R3  “ R 1 Ri* 
“ Be  Rj+Rj -»-ft 3-*-h4 


(3.1-9) 


Bridge  input  resistance  (resistance  between  A and  D.  seen  by  the  power  source,  see 

HlTaTT^T)^ 


(R1+R;.)(R3  + RM) 
Re  “ Rl+R2+R3-*-h4 


(Rl+R2)(B3+BO 
Re  Rj  +R2  "TTj+irr 


(3.1-10) 


Bridge  internal  resistance  (Resistance  between  B and  C if  the  bridge  is  represented  by 
a voltage  as  source  voltage  and  a corresponding  source  resistance) 


R1R2  R3R4 

Ri  “ * wpa; 


(BI+R3)(B2+Ri() 
Ri  “ B1+R2+ft3+hii 


(3.1-11) 


I 


t 


Bridge  power  dissipation 


N 

o 


7 


R 


e 


(3.1-12) 
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Power  dissipation  p«r  bridge  mb 


®1  2 Rl+R2 


1*1 

“ '(17V6!)2°a 

Ml 

m <i7*t2*et*e;>  “‘V 

(3.1-13) 

Rl*R2  , 

n2 

‘ TIPBIT’V 

n2 

(h1+62+!R3+&t)  ^ Vs 

(3.1-14) 

»3 

Nj 

“ (I7+TTJ2U« 

" <s,t-»‘s2*ir,7k;i>  RsIs 

(3.1-15) 

B“  2 

r3+r4 

N„ 

“ <R3*ROjU» 

" <R'1+I2-*-b3+R4)  R*‘Is 

(3.1-16) 

3.2  Practical  application  of  the  Wheatstone  bridge 

Before  going  into  details  with  regard  to  the  dependence  of  the  output  voltage  on  the 
relevant  unbalance,  sane  basic  characteristics  need  to  be  discussed  first  in  the  light 
of  equations  (3.1-9)  to(3.1-16). 


3.2.1  Choice  of  the  supply  voltage  with  respect  to  power  dissipation 

The  bridge  has  two  points  of  intersection,  namely  the  connections  to  the  power  supply 
line  and  to  the  output  measuring  equipment.  The  bridge  input  resistance  R is  a 
decisive  quantity  for  dimensioning  of  the  bridge  supply.  According  to  equEtion  (3.1-9) 
the  measuring  signal  is  proportionally  linked  with  the  bridge  voltage  which  is  therefore 
to  be  stabilized  with  utmost  precision.  For  this  purpose  it  is  necessary  to  guarantee 
that  the  power  required  is  available. 


In  a normal  120  ohm  bridge  with  a S V supply  voltage  there  exists  a current  of  42  mA 
and  thus  a power  of  210  mV  is  dissipated.  Owing  to  the  large  amount  of  measurement 
points  wnich  have  to  be  parallel  in  the  individual  sections  of  an  aircraft,  relatively 
efficient  power  supply  units  are  required.  Only  if  this  requirement  is  met  may  it  be 
ansumed  as  above  that  the  source  resistance  Rq  is  negligible. 

3.2.2  Choice  of  the  output  signal  conditioning  equipment 


The  dimensioning  of  the  output  signal  conditioning  equipment  is  to  a large  extent 
influenced  by  the  bridge  internal  resistance.  Normally  this  equipment  consists  of  a 
differential  amplifier.  If  the  bridge  has  a voltage  source  U and  an  internal 
resistance  Ri  it  can  be  described  in  the  circuit  diagram  of  Fig  3.2-1. 


Assailing  a very  large  amplification  factor,  it  is  sufficiently  correct  to  consider  the 
amplifier  input  current  being  negligibly  low.  Based  on  Fig  3.2-1,  the  followiug 
equation  can  be  derived 


U 

a 


u, 


m 

7^1 


thus  leading  to 
R 


r 

TT 

K 


1 + 


"RT 


(3.2-1) 


The  amplifier  output  voltage  is  influenced  by  the  relation  of  the  bridge  internal 
resistance  to  the  amplifier  input  resistance.  The  amplification  resulting  from  the 
external  connection  R being  diminished  by  the  factor  1 

IT  1+  Ri 

8 ^g 

This  fact  has  to  be  considered  when  adapting  the  signal  conditioning  equipment. 


3.2.3  Power  dissipation  in  the  bridge  resistors 

The  performance  quantities  N.  (i*>l,2,3,4)  determine  the  magnitude  of  the  thermal  power 
converted  in  the  individual  Bridge  resistors.  In  view  of  this  it  has  to  be  taken  into 
account  that  a reduced  size  of  a strain  gauge  results  in  a corresponding  increase  of 
the  heat  transfer  resistance.  Thus  it  is  possible  that  an  unduly  high  temperature 
could  develop  in  the  gauge  within  a short  period  of  time  (Ref  (4)). 
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Another  point  to  be  considered  is  the  effect  on  the  specimen  of  the  thermal  energy 
transferred.  It  can  happen  that  materials  with  poor  thermal  conductivity  will 
experience  locally  heated  areas  which  in  turn  can  lead  to  a change  in  the  material 
characteristics  (e.g.  plasticization  of  plastics). 

When  selecting  the  bridge  resistance,  various  performance  aspects  have  to  be  considered 
as  well.  As  will  be  shown  later,  the  sensitivity  of  the  bridge  depends  directly  on  the 
supply  voltage  (see  also  equation  (3. 1-9)) . Equations  (3.1-12)to(3.2.-16)  indicate  on 
the  other  hand  that  the  thermal  power  dissipation  is  a function  of  the  supply  voltage 
squared  at  constant  resistance.  Therefore  relatively  high  resistive  strain  gauges 
should  be  applied  in  critical  caseB.  Then  maximum  sensitivity  can  be  achieved  for  a 
given  performance  due  to  the  fact  that  the  corresponding  relative  resistance  change  of 
a strain  gauge  depends  only  on  strain  and  not  on  the  magnitude  of  its  resistance. 
Nevertheless,  it  should  be  remembered  that  as  a result  of  equation  (3.2-1)  the 
conditions  for  the  determination  of  the  values  measured  deteriorate  with  increasing 
resistance . 

The  above  remarks  demonstrate  that  a number  of  questions  have  to  be  carefully  investi- 
gated before  applying  a measuring  bridge  if  errors  are  to  be  avoided  or  minimized. 

3*3  Behaviour  of  the  Wheatstone  bridge  in  unbalanced  conditions 

The  behaviour  of  the  bridge  in  unbalanced  conditions  is  the  next  point  to  be  discussed. 

At  first,  the  type  of  application  must  be  briefly  mentioned.  Strain  gauges  are  used  in 
aircraft  for  measuring  strains  and  determination  of  stresses,  forces  and  moments  etc. 
and,  in  transducers,  for  the  determination  of  pressures,  accelerations  etc.  Distinction 
has  to  be  made  between  calibrated  and  uncalibrated  systems.  Uncalibrated  strain  gauge 
bridges,  the  relation  of  which  to  the  expected  unbalance  is  known  only  theoretically, 
show  an  accuracy  between  +3%  and  +5%  referred  to  the  full  range  of  the  strain.  Among 
other  things,  the  accuracy  is  influenced  by  the  gauge  factor  tolerance  which  depends  on 
the  production  batch,  the  transverse  sensitivity  of  the  strain  gauge,  the  type  and 
quality  of  the  bonding,  the  alignment  of  the  strain  gauge  on  the  specimen  as  well  as 
the  fluctuation  range  of  the  resistance  values  which  also  is  subject  to  the  manufac- 
turing quality  (see  Chapter  4).  A considerable  improvement  in  the  accuracy  to  values 
better  than  + 2 % can  be  achieved  if  it  is  possible  to  carry  out  a thorough  calibration 
before  the  actual  measurement. 

It  is  important  to  know  these  factors  when  comparing  the  influences  of  non-linearities, 
resulting  from  the  theoretical  characteristics  of  the  Wheatstone  bridge  and  the  signal 
conditioning  equipment  against  the  overall  accuracy  of  the  strain  values  finally  measured. 
Thanks  to  the  degree  of  errors  occurring  in  strain  gauge  measurements,  these  non- 
linearities  can  normally  be  neglected  so  that  quite  clear  linear  relations  result. 

Depending  upon  application,  the  strain  gauge  can  be  configured  as  quarter,  half  and 
full  bridges,  characterized  by  1,  2 or  4 active  strain  gauges.  Fig  3.3-1  shows  these 
types  of  bridges. 

It  becomes  apparent  that  it  is  possible  to  arrange  three  different  types  of  half-bridges. 
Fcr  reasons  of  circuitry  however,  the  arrangement  of  Fig  3.3-1B  is  almost  exclusively 
used  in  practical  application.  The  arrows  mark  the  sign  direction  of  the  individual 
un’  lance.  With  the  combination  shown  in  Fig  3.3-1,  the  maximum  sensitivity  of  the 
luge  is  then  achieved.  Thus  it  is  necessary  to  reflect  about  the  most  suitable 
y -asibility  of  application  and  circuitry  before  the  bridge  is  installed  (Ref  Chapter  7). 

In  contrast  to  the  above  considerations,  the  strain  is  directly  incorporated  into  the 
equation  when  calculating  the  output  voltage.  For  this  the  relation 

» ke  is  used  (see  Section  1.2,  Fig  1.2-1) 

The  relations  mentioned  apply  with  voltage  control.  They  are  compared  with  the 
relations  referring  to  current  control  for  some  commonly  used  simplifications. 

3.3.1  Quarter  active  bridge 

The  following  calculations  are  based  on  the  sign  directions  of  the  individual  unbalances 
as  shown  in  Fig  3. 3.-1.  Regarding  a bridge  balanced  in  zero  load  condition 
(RlR<*«  R2R3)the  bridge  output  voltage  U can  be  calculated  for  an  unbalance  +ARJ  with 
reference  to  equation  0.1-9) as  follows: 


+ )Ri*  R2  R3  “Ri  R4 -Ri  R4— gnf 

“ ( rt+'M ( ft nln> ) Att, 

AR  | 

5T  ■ 


With 


kicji  this  results  into 
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U« 

TT 


In  case  of 


RiRi*  1 

*-  TK+WiTtt)  kl£11  RT 

1 +b7'+&7  k»£i» 

a fully  symmetric  bridge  (Ri-R2-R3«Hi,«R)  this  equation  is  reduced  to 


(3.3-1) 


if 

a i 


i kl 


e 1 1 


(3.3-2) 


The  gauge  factor  k is  approximately  2 for  metal  strain  gauges.  Because  of  the  magnitude 
of  the  strains  occurring  in  strain  gauge  technique  the  non-linear  portion  can  be 
neglected  as  shown  in  Fig  3.3-2.  There  the  non-linearity  factor 


1 + 5 kjei i 


is  plotted  as  a function  of  the  strain, 
correlation 


Now  it  is  possible  to  state  the  linear 


U«  , 

ru 

This  leads  to 


* 1 


(3.3-3) 


u_  1 

— ■ - j Rkicu  for  the  current-controlled  bridge. 

*s  * 


(3.3-4) 


A fact  illustrated  by  both  relations  is  their  proportional  dependence  on  the  supply. 
Besides  this  the  current-controlled  bridge  requires  the  exact  knowledge  and  uniformity 
of  the  bridge  resistance. 

It  is  no  longer  permissible  to  assume  a linear  correlation  for  the  semi-conductor  gauge 
due  to  the  considerably  higher  gauge  factor  (-100  up  to  +200)  as  Fig  3.3-2  also  shows. 
However,  a linearization  effective  at  least  for  small  ranges  of  unbalance  can  be  achieved 
if  the  fixed  resistances  R2  and  Hi,  (Fig  3.3-1A)  are  evenly  increased.  Fig  3.3-3 
indicates  which  values  result  for  the  factor 


Rl 

»1+R2 


k - T-T— 


1 


where 


(m  - ~~) 


This  is  responsible  for  the  non-linearity,  when  ni  is  increased. 

With  nj  - 9 an  error  of  2%  results  for  an  unbalance  of  103  When  using  this  circuit 

some  secondary  effects  have  to  be  considered: 

. the  bridge  sensitivity  decreases 

. the  bridge  internal  resistance  increases 

. the  bridge  input  resistance  increases 

Before  discussing  typical  characteristics  of  the  half-bridge,  some  important  facts 
concerning  the  installation  and  wiring  of  quarter-bridges  need  to  be  mentioned. 


3. 3. 1.1  Temperature  compensation 

Different  temperatures  applied  to  the  constituents  of  the  bridge  cause  output  signals 
which  are  not  related  to  load  generated  strain . One  way  of  suppressing  temperature 
effects  often  used  is  the  installation  of  a passive  strain  gauge  (dummy  gauge).  In 

Fig  3.3-4  a half-bridge  is  practically  arranged  for  this  case.  The  compensation 
gauge  is  bonded  on  a non-deforming  area  of  the  component  to  be  measured  in  the  direct 
neighbourhood  of  the  active  gauge  which  is  strained  by  deformation.  As  it  is  normally 
Impossible  to  find  a non-deforming  area,  the  gauge  is  usually  bonded  on  u small  sheet 
of  a material  corresponding  to  that  of  the  component.  This  sheet  is  attached  to  the 
structure  as  close  as  possible  to  the  active  gauge.  It  is  recommended  to  use  active 
and  dummy  gauges  from  the  same  batch  in  order  to  obtain  the  same  tolerances  for  the 
gauge  factor  and  to  keep  temperature  effects  as  low  as  possible. 


When  using  an  auxiliary  sheet,  it  should  be  realized  that  in  nearly  all  cases  there  are 
very  large  differences  in  the  thermal  capacity  of  the  sheet  and  the  component  and  that 
furthermore  the  thermal  transfer  resistance  between  these  two  elements  is  relatively 
high.  In  the  case  of  rapid  temperature  changes  it  is  possible  that  a deteriorating 
effect  occurs  because  of  temperature  differences  between  component  and  sheet. 
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Therefore  this  application  has  to  be  carefully  investigated  in  each  individual  case. 

3. 3. 1.2  Three-wire  method 

If  only  two  wires  are  used  for  connecting  the  active  gauge  to  complete  the  bridge  in 
the  case  of  a quarter-bridge  (Fig  3.3-5),  large  errors  can  occur.  With  the  wire 
resistances  and 

Um  k Ri 

jjr-  ■ ^ c V — +5“  results  for  the  measuring  voltage.  (3.3-5) 


Even  if  it  is  possible  to  balance  the  relatively  large  bridge  asymmetry  resulting  from 
the  arrangement,  the  temperature  effects  In  the  wires  often  exert  considerable 
influence  even  though  a self -compensating  gauge  is  used. 

In  order  to  avoid  these  effects  a three-wire  method  (Fig  3.3-6)  is  used  for  the  quarter- 
bridge  circuit  if  the  effects  cannot  be  compensated  by  means  of  a passive  gauge  in  the 
manner  described  above. 


In  this  circuit  Rj.  and  R,,  are  located  in  adjacent  bridge  arms  and  their  influences 
compensate  each  otter  if  the  arms  are  of  identical  length,  i.e.  installed  parallel. 

R,  n is  located  in  the  high-resistive  closed  output  circuit  and  its  influence  is  thus 
negligible. 

3.3.2  Half-active  bridge 

Mainly  due  to  reasons  of  wire  routing,  the  arrangement  of  Fig  3.3-1B  is  normally  used 
when  applying  half  active  bridges.  Furthermore,  the  measuring  quantities  of  the 
individual  circuits  differ  only  slightly  against  the  bridge  described  below. 

However,  it  has  to  be  stated  that  an  arrangement  according  to  Fig  3.3-1C  can  be 
advantageous  too  when  using  semi-conductor  gauges  e.g.  in  transducers.  In  the  case 
of  complementary  resistances  occurring  in  the  relevant  longitudinal  arms  being 
considerably  higher  than  the  active  gauges,  the  arrangement  looks  very  much  like  an 
arm-controlled  current  supply  which  will  be  discussed  later. 

Applying  equation  (3.1-9)  to  the  arrangement  of  Fig  3.3-1B  leads  fcra  bridge  balanced 
in  zero  load  condition  (RiRi««R2R3 )to 

(R2-AR2)R3-(Ri+ARi)R4 
lT  “ <Ri+fi2V  Ahl-All2)(R3+R4) 

Introducing 

AR2 

kicu  and  jrj  ■ R2e22 


RlRi*(Rieil  + R2622) 

E"i 

(R1+R2)(R3^R4)(1  + ft1'+'R2,ticu~  r~r2  lt2c22 ) 


ARj 

results  to 
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In  most  cases  fully  synmetrical  bridges  and  identical  gauge  factors  will  be  applied. 
Then  equat ion  (3.3-6) reads : 


ura  _ k £"  + 

TT  J t 

S 1+-j(Cji-Ej2) 

Normally  the  gauges  are  installed  in  such  a way  that  c)1-c22“E 
In  this  case  the  result  is 


(3.3-7) 

(refer  to  Section  7.12). 
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m 


(3.3-8) 


Under  the  assumptions  laid  down  above,  the  half  active  bridge  with  regard  to  linearity 
shows  considerably  better  characteristics  as  compared  to  the  quarter  active  bridge. 

In  addition  it  is  more  sensitive  by  a factor  of  2 for  the  cases  discussed. 
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The  output  voltage  of  the  current  controlled  bridge  results  in 


3.3.3  Full  active  bridge 

Based  on  equation  (3.1-9)  the  output  voltage  with  the  bridge  balanced  in  zero  load 
condition  (BlRit«R2R3)  is 

Un  R1R4  ki€ii+  k2E22+  ^3  e 3 3 + ^1,644 

Tin  ( Ri+R2  ) (R3+R4 ) ftj  R2  S3  Ri* 

1+ST+'ft2-kl£11  " ffT^*1622  ■ HT^3633  + 57+5^* 4 644 

(3.3-10) 

Equation  (3.3-10)  is  again  based  on  the  signal  directions  of  Fig  3.3-1E.  As  only  small 
unbalances  are  considered,  the  products  and  powers  of  unbalances  are  neglected. 

In  case  of  a fully  syunetric  bridge  (R1-R2BR3laR4BR)  with  identical  gauge  faccors  and  an 
appropriate  installation  of  the  gauges  (see  Section  7.12)  that  leads  to 

*H**e2  2"e3  3«e44“£ 


the  following  equation  results: 


Um 


- ke 


and  for  the  current-controlled  bridge 
Um 

^ - - Rkc 


(3.3-11) 


Thus  under  the  assumptions  laid  down  above  the  full  active  bridge  possesses  the  highest 
degree  of  sensitivity  among  all  bridge  types  discussed. 

3.4  Bridge  balancing  and  compensation 

Different  techniques  are  used  to  get  defined  starting  conditions  at  the  beginning  of 
a measurement.  They  can  be  categorized  into  direct  and  indirect  methods.  Direct 
methods  are  based  on  balancing  resistors  which  form  a part  of  the  bridge  itself  and 
by  adjustment  lead  to  a zero  bridge  output  signal.  Indirect  methods  are  based 

on  the  compensation  of  the  bridge  output  voltage  by  means  of  electronic  or  computing 
networks  outside  the  bridge  circuit. 


3.4.1  Bridge  balancing 

The  most  common  balancing  circuit  is  the  shunt  bridge  (Fig  3.4-1).  The  efficiency  of 
this  network  can  be  calculated  by  replacing  the  star-shaped  circuit  by  a corresponding 
triangular  circuit  (Fig  3.4-2),  thus  leading  to 
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l+2p-x2 

1+x 

(3.4-1) 
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l+2p-x2 

(3.4-2) 
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1-x 

R 

l+2p-x2 

(3.4-3) 
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R occurs  only  as  a supply  voltage  loading  and  does  not  influence  the  bridge  behaviour. 
Ra  and  Rjj,  however,  appear  as  parallel  resistors  for  R3  and  R4. 

The  followiug  criteria  do  apply  to  the  selection  of  RQ  and  p: 

. the  maximum  zero  unbalance  shall  be  compensated  by  adjusting  x to  -1 


the  values  of  R^  and  R^  shall  not  change  the  bridge  sensitivity  compared  to 
a non-sbunted  bridge;  their  influence  shall  be  negligible 


the  compensation  performance  shall  be  as  linear  as  possible 

the  power  supply  shall  be  loaded  as  low  and  continuous  as  possible  by  Rc 


Using  the  power  supply  load  requirement  the  elementary  conditions  can  be  formulated 


Ro  >>  Rg  (Re  ■ bridge  input  resistance) 

p > 1 

The  performance  of  the  circuit  shall  be  discussed  on  the  basis  of  its  main  use  as  a 
generator  of  defined  calibration  signals.  This  method  is  always  applied  when  it  is 
not  sufficient  to  simply  connect  known  resistors  in  parallel. 

Another  main  field  of  application  is  the  compensation  of  zero  load  bridge  unbalances. 
Using  equation (3. 1-9) and  assuming  Ri**R2“R3“R4"R  it  follows 


U - AR3*  AR4* 

IT  - | (-R-*-  (*  indicates  R3|[Ra  and  R4  ||  R*,) 

S 4 R3  = 8?  R4  = RjJ 

Under  the  assumptions  laid  down  above,  equation (3. 4-4) can  be  written 


1 * * 

(AR  - AR.  ) 


AR*  and  AR*  can  be  calculated  as  follows 


* * * 
AR  3 * R 3 — R 3 
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This  leads  to 
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Taking  into  account 
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(3.4-5) 


the  relation  between  Um  and  x can  be  described  with  good  accuracy 


1 R _x 

U “ 2 IT  I+5p 

s o 


(3.4-6) 


Thus  under  the  above  assumption  the  bridge  unbalance  is  directly  proportional  to  the 
displacement  x.  When  used  for  calibration  therefore  defined  signals  can  be  generated. 


The  counterpart  of  the  shunt  bridge  is  the  use  of  compensatory  balancing  as  shown  in 
Fig  3.4-3.  Based  on  a servo  loop  the  bridge  output  voltage  is  always  zero-balanced. 


■.AAl  vw*1  ■.»  -1  1 -i,..-. 
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The  relationship  between  the  displacement  x and  the  strain  shall  be  calculated  for 
a quarter  bridge  as  an  example  by  using  equation  (3.1-9) 


R R 

R2(R3+  2s  + *r3)  - Ri(R4+  s2 

Introducing  R1»R2“R3*Ri4=R  and “ ke  leads  to 

r3 


(3.4-7) 


(3.4-8) 


The  displacement  x is  directly  proportional  to  the  unbalance.  In  addition  to  being 
independent  of  the  supply  voltage,  owing  to  the  complexity  and  the  low  dynamics  caused 
by  the  motor,  the  use  of  this  arrangement  is  nevertheless  limited  to  exceptional  cases. 

3.4.2  Compensation 

Besides  the  use  of  direct  methods,  indirect  compensation  is  often  used.  This  can  be 
done  by  analogue  or  digital  techniques  using  either  analogue  amplifiers  to  add  a com- 
pensating voltage  to  the  bridge  output  voltage  or  when  using  digital  computers  which 
can  store  the  zero  load  condition  in  the  core  for  later  calculation  of  the  unbalance 
in  the  case  of  multi -channel  equipment. 

3 .5  Bridge  power  supply 

Voltage  or  current-controlled  bridges  are  mostly  used  for  the  applications  considered 
in  this  report.  In  addition,  it  is  possible  to  have  an  a.c.  voltage  supply  and  a 
bridge  with  separate  current-fed  arms.  Some  general  aspects  of  the  power  supply  •■/ill 
now  be  explained  in  a comprehensive  form. 

3.5.1  Voltage  control 

A voltage-controlled  bridge  is  shown  in  Fig  3.5-1.  The  handicap  of  this  arrangement 
can  be  realized  at  first  glance.  The  voltage  actually  applied  to  the  bridge,  as  com- 
pared with  U , is  reduced  by  the  voltage  drop  at  the  resistances  R of  the  leads. 

5 

Since  there  is  a proportional  relationship  between  the  output  and  the  supply  voltage, 
with  the  exception  of  the  self-balancing  bridge,  (see  equation  ( 3 . 1-8 )) short  leads 
with  a low  resistance  should  be  used. 

These  difficulties,  which  must  be  balanced  against  the  advantage  of  a fairly  simple 
circuit,  can  be  eliminated  by  connecting  a sensing  line.  This  line  serves  to  determine 
the  actual  bridge  voltage  which  is  then  readjusted  to  the  required  value  by  means  of 
a control  circuit  (six-wire  circuit,  Fig  3.5-2). 

A variant  of  this  circuit  is  often  used  in  aircraft.  In  this  case  power  supply  support 
points  are  provided  with  said  sensing  lines.  The  lead  wires  between  these  support 
points  and  the  surrounding  bridges  are  then  so  short  that  their  influence  is  negligible. 

3.5.2  Current  control 

If  the  uncertainties  of  voltage  control  are  to  be  avoided,  current  control  can  be  used. 
However,  circuit  arrangements  are  now  more  complex.  Each  bridge  needs  a separate 
supply  and  the  measured  signal  is  proportionally  influenced  by  the  bridge  resistance. 

3.5.3  Separate-arm-controlled  current  supply 

The  separate-arra-controlled  current  supply  as  shown  in  Fig  3.5-3  is  used  in  particular 
in  multi-point  measuring  techniques.  This  bridge  is  marked  by  absolute  linearity. 

A disadvantage  is  again  the  dependence  of  the  output  signal  on  the  magnitude  of  the 
arm  resistance. 


3.5.4  A.C,  voltage  supply 

In  the  case  of  static  long-term  measurements  requiring  a good  amplifier  drift  behaviour, 
almost  exclusive  use  is  made  of  the  carrier  frequency  method  (Fig  3.5-4)  with  the  bridge 
being  supplied  with  an  a.c.  voltage. 

This  circuit  has  a band-pass  characteristic.  Its  transmission  frequency  range  is 
determined  by  the  magnitude  of  the  carrier  frequency  f,_  and  the  band  width  B of  the 
band-pass  filter.  These  characteristics  ensure  a particularly  low  interference 
susceptibility.  Thermoelectric  voltages,  amplifier  drifts,  mains  disturbances  as 
veil  as  high-f I'equency  interferences  (excess  noise  etc)  have  no  effect.  By  using 
phase-selective  demodulation  and  subsequent  filtering  a d.c.  voltage  signal  U is 
obtained  which  Is  largely  free  from  interference.  However,  the  magnitude  of  the 
carrier  frequency  is  normally  limited  by  cable  capacity.  Therefore,  this  circuit 

is  only  used  for  the  determination  of  dynamic  measurements  in  exceptional  cases. 

References:  (21),  (25),  (26),  (34). 
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3 . 8 Immunity  from  electrical  and  magnetic  disturbances 

In  conclusion,  some  elementary  aspects  regarding  the  circuit  technique  to  be  applied 
will  be  dealt  with.  Observance  of  these  aspects  will  considerably  improve  immunity 
from  disturbance . The  immunity  from  disturbance  of  the  measuring  chain  described 
depends,  in  the  first  line,  on  the  type  of  grounding  and  on  the  connection  of  the 
individual  elements  of  the  measuring  chain.  Two  basic  influences  have  to  be  taken 
into  consideration: 

3.6.1  Common-uode  voltages 

In  tne  case  of  a power  supply  connected  according  to  Fig  3.6-1,  both  inputs  of  the 
measuring  amplifier  have  the  same  potential  relative  to  ground.  Although,  theoreti- 
cally, there  should  not  be  a measurable  signal,  a voltage  which  is  dependent  on  the 
amplifier  quality  (common-mode  suppression),  is  built  up  at  the  amplifier  output. 

For  the  circuit  shown  in  Fig  3.6-1  the  common-acde  voltage  amounts  to  Ug. 

In  the  case  of  common-mode  suppression  of  60  db  and  if  U » 5 V the  apparent  measuring 
voltage  is: 

0 - - 2.5  mV 

m c.m.  1000 

Taking  a maximum  measuring  range  of  10  mV,  which  applies  to  quite  a lot  of  bridges, 
this  would  correspond  to  an  unaccept aole  measurement  error  of  25%. 

This  effect  can  be  mitigated  by  a balance-to-earth  supply  (Fig  3.6-2).  In  this  case 
with  symmetrical  bridge  resistors,  the  common-mode  voltage  disappears  completely  in  the 
balanced  condition. 

3.6.2  Electrical  and  magnetic  disturbances 

Interfering  voltages  may  be  induced  in  the  leads  and  measuring  grids  by  electrical  and 
magnetic  disturbances  (Fig  3.6-3).  This  influence  can  be  substantially  reduced  when 
the  individual  cables  are  twisted  and  shielded.  Twisting  is  the  only  practicable 
protection  ageinst  magnetic  disturbances,  whilst  shielding  suppresses  the  influence  of 
electrical  disturbances. 

References:  (23),  (24),  (25),  (34),  (56),  (39),  (30). 

3.7  Filtering 

In  practical  applicationsof  the  Wheatstone  bridge  in  strain  gauge  measurements  it  is 
often  helpful  and  advantageous  to  use  filtering  techniques  in  the  signal  conditioning 
stage  to  improve  the  result . 

When  the  static  portion  within  the  signal  is  of  main  interest,  but  this  part  is  submerged 
by  a big  noise  level,  a low  pnss  filter  can  be  used  to  improve  the  signal/noise  ratio. 

If  on  the  contrary,  the  dynamic  portion  of  the  signal  is  of  interest  but  is  practically 
hidden  within  a big  dc  part,  decoupling  can  be  achieved  by  introducing  a high-pnss  filter. 
Host  often  a band  pass  filter  is  applied  which  allows  concentration  on  the  interesting 
frequency  range. 

In  any  case,  when  evaluating  the  resulting  signals,  the  filter  characteristics  have  to 
be  taken  into  account  with  respect  to  amplitude  and  phase  response  in  order  to  avoid 
errors . 


4 - 0 ERROR  ESTIMATION  FOR  STRAIN  GAUGES  WITH  METALLIC  MEASURING  GRIDS 

The  advantages  of  strain  gauges  are  simple  handling,  high  adaptability  to  the  various 
measuring  tasks,  suitability  for  static  and  dynamic  loads  up  to  the  highest  structural 
frequencies  prevailing. 

In  general,  gauge  factor  tolerance,  linearity  and  hysteresis,  response  to  temperature 
change,  time/ temperature  creep  behaviour,  fatigue  behaviour,  insulation  defects  and 
others  are  considered  to  determine  the  accuracy  of  a strain  gauge  measurment.  This 
shows  that  a simple  strain  gauge  (Fig  1.2-1)  is  actually  a very  complex  system  when 
applied  and  that  the  resulting  total  accuracy  of  measurement  depends  not  only  on  the 
strain  gauge  itself  but  also  on  the  properties  of  the  adhesive,  the  component  under  test, 
the  protective  materials  and  the  bridge  circuits  (Chapter  3).  Thus  change  in  any  one 
cf  these  elements  produces  a change  in  the  measurement  characteristics. 

4 . 1 Resistance  tolerances  of  strain  gauges 

Most  strain  gauges  are  manufactured  with  nominal  resistances  of  1209  to  6009.  The 
question  of  optimum  resistance  value  can  be  answered  only  if  the  entire  measuring 
arrangement  (supply  voltage,  lead  resistances  etc)  is  taken  into  consideration  (Chapter  3). 
During  manufacture,  however , certain  tolerances  of  the  resistance  nominal  value  cannot  be 
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avoided.  Criteria  for  this  are  the  basic  material,  the  metal  heat,  mechanical  and 
thermal  treatment  and  others.  Strain  gauges  manufactured  in  the  same  production  process 
form  a so-called  batch.  Basically,  strain  gauges  connected  together  in  one  bridge 
should  have  very  close  resistance  values  in  order  to  avoid  extensive  balancing.  This 
is  usually  achieved  when  the  strain  gauges  are  from  the  same  batch.  Balancing  may  not 
be  necessary  however  if,  at  a given  resistance  tolerance  band  and  using  a computer,  the 
Initial  bridge  unbalance  is  taken  into  consideration.  (This  is  particularly  cost- 
effective  in  the  case  of  a large  number  of  measuring  points.) 

Foil  strain  gauges  normally  have  a tolerance  of  ±0.5%  of  the  nominal  resistance  but  the 
same  tolerances  can  also  be  obtained  with  wire  strain  gauges  by  using  selection  proced- 
ures. 

Only  the  resistance  of  the  applied  strain  gauge  can  be  used  as  a reference  value  when 
measuring  the  resistance,  as  pre-stressing  of  the  strain  gauge  conductor  cannot  always 
be  avoided  due  to  the  setting  of  the  adhesive. 

According  to  VDE/VDI  2635  (Ref (28))  the  resistance  of  the  bonded  strain  gauge  at  room 
temperature  and  the  resistance  at  delivery  must  not  differ  by  more  than  0.2%. 

4 • 2 Gauge  factor  k 

4.2.1  Gauge  factor  tolerances 

The  gauge  factor  is  the  most  important  parameter  of  a strain  gauge  (equation (2 .2-6)) . 

It  indicates  the  correlation  between  the  strain  of  the  component  and  the  resulting 
resistance  variation. 

The  gauge  factor  is  determined  on  a calibration  beam  having  a constant  flexural  moment 
and  a transverse  contraction  u - 0.3.  As  the  gauge  factor  can  only  be  determined  for 
a bonded  strain  gauge,  it  can  only  be  defined  with  characteristic  tolerance  ranges 
obtained  by  continuous  sampling.  In  general  the  sample  is  approximately  1%  of  the 

batch  according  to  type  and  repeatability  of  the  manufacturing  process.  The  tolerance 
of  the  gauge  factor  directly  affects  the  measurement  accuracy.  Normally,  foil  strain 
gauges  show  better  characteristics  in  the  rolling  direction  than  in  the  perpendicular  dir- 
ection (Ref(27)).  This  naturally  results  in  smaller  tolerance  ranges  and  furthermore  in 
different  gauge  factors  for  the  various  legs  of  a strain  gauge  rosette,  for  example. 

The  strain  gauge  measuring  grid  in  the  supporting  material  is  generally  in  a triaxial 
state  of  stress  caused  by  a shrinking  of  the  supporting  material  during  curing  as  well 
as  changes  in  volume  of  the  supporting  material  caused  by  humidity  and  temperature 
variations.  During  strain  measurements  the  strain  to  be  measured  is  superimposed  on 
this  state  of  stress  and  it  is  unevenly  distributed  over  the  entire  grid  length  so  that 
the  yield  point  may  be  locally  exceeded.  The  result  is  that  large  deviations  of  the 
gauge  factor  against  those  given  by  the  manufacturer  may  occur  even  with  exactly  the 
same  conductor  material.  According  to  Ref(27),  this  uncertainty  can  amount  to  several 
percent.  This  shows  that  the  gauge  factor  obviously  depends  on  the  bonding  conditions. 
Only  a strain  gauge  bonded  by  means  of  a hot -setting  adhesive  is  within  the  tolerances 
of  ±0.5%  stated  by  the  manufacturer. 

Furthermore,  abnormal  changes  of  the  gauge  factor  can  occur  after  several  load  and 
temperature  cycles  although  the  strain  gauge  shows  no  defect.  Therefore,  it  is  necessary 
to  ensure  that  strain  gauges  are  stored  under  nearly  constant  climatic  conditions  prior 
to  their  application  to  avoid  possible  faulty  measurements. 

The  temperature  dependence  of  the  gauge  factor  at  high  temperature  is  covered  by  Chapter  8. 
A constantan  grid  type  strain  gauge  used  mainly  in  the  lower  temperature  range  shows  a 
gauge  factor  increase  of  <v  +0.6%  per  100K. 

4.2.2  Transverse  strain  sensitivity  t 

Each  strain  gauge  not  only  responds  to  deformations  in  the  direction  of  its  longitudinal 
axis  with  the  gauge  factor  k but  also  to  those  perpendicular  to  its  longitudinal  axis 
with  the  gauge  factor  k.  f 

t - kt/k£  (4.2-1) 

As  already  mentioned  in  Section  4.2.1,  this  effect  has  been  taken  into  consideration  as 
the  gauge  factor  is  determined  on  a bending  calibration  beam  with  a transverse  strain 
ratio  of  ■v  0.3  that  shows  no  shearing. 

During  measurements  on  a biaxial  stress  field  however,  transverse  strains  deviating  from 
the  relation  ^transverse/clongitudinal  ^ _0'3  may  wel1  afffect  the  result  (Section  2.2). 

The  transverse  strain  sensitivity  (t)  is  kept  low  by  means  of  narrow  flat-grid  winding 
in  the  case  of  wire-grid  strain  gauges  and  by  means  of  enlarged  end  points  in  the  case  of 
foil-grid  strain  gauges.  To  a small  extent  it  also  depends  on  the  adhesive  and  on 
the  measuring  grid  supporting  material.  Generally,  however,  the  transverse  strain 
sensitivity  (t)  can  be  assumed  to  be  below  1%.  (Ref(18)). 
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4.3  Errors  caused  by  hysteresis  and  non-linearity 

If  a component  is  loaded  and  subsequently  unloaded,  the  same  loads  can  result  in  different 
stresses.  The  effect  causing  these  errors  is  called  hysteresis. 

The  deviation  of  the  relative  resistance  change  A R/R  from  the  straight  line  ktg  based  on 

the  gauge  factor  also  causes  errors  called  non-linearity.  As  this  deviation  is  the 
result  of  a mechanical  hysteresis  in  the  strain  gauge,  it  is  difficult  to  separate  the 
two  error  sources  from  each  other. 

Non-linearity  errors  caused  by  the  circuitry  will  be  neglected  at  this  point  (Chapter  3). 

According  to  Fig  4.3-1,  non-linearity  and  hysteresis  can  occur  for  various  reasons: 

. plastics  (plastic  supporting  materials  and  adhesives)  do  not  always 
act  according  to  Hooke's  law  (Fig  4.3-la); 

. according  to  Fig  4.3-lb,  structural  changes  as  well  as  geometric  variations 
in  the  plastic  deformation  range  of  the  measuring  grid  material  can  also  occur 
and  result  in  permanent  changes  in  resistance. 

A strain  range  up  to  approx  10000  un/m  is  of  interest  for  strain  gauge  measurements 
during  flight.  It  can  be  assumed  that  the  non-linearity  and  hysteresis  error  will  be 
_<  ±1%  after  the  first  loading  if  good  adhesives  and  strain  gauges  are  used.  After 
completion  of  the  first  load  cycle,  in  most  cases  this  error  will  hardly  exceed  ±0.1%. 

4.4  Maximum  static  elasticity  of  strain  gauges 

The  maximum  elasticity  of  a strain  gauge  is  that  strain  at  which  the  strain  indication 
deviates  by  more  than  10%  from  the  straight  line  defined  in  Section  4.3..  It  depends  on 
the  grid  geometry,  the  material  characteristics  of  grid,  supporting  material  and  adhesive 
as  well  as  on  the  ambient  conditions  (temperature,  humidity  and  component  surface).  At 
room  temperature,  most  flat-grid  wire  and  foil  strain  gauges  with  grid  lengths  of  10  mm 
endure  strains  up  to  120000  to  ±40000  po/in.  Shorter  strain  gauges  with  measuring  grid 
lengths  of  <6  mm  can  be  strained  up  to  approx  ±10000  to  ±20000  pm/m.  Precise  data 
on  this  subject  is  difficult  to  obtain. 

4.5  Creep  effects 

If  a strain  gauge  is  strained  for  a sufficient  period  of  time,  relaxation  phenomena  can 
occur  in  the  supporting  material  resulting  in  an  enlarged  transfer  zone  at  the  measuring 
grid  ends  (Section  2.2) 

The  forces  counteracting  the  restoring  force  of  the  strained  measuring  grid  can  partly 
relax.  This  slowly  developing  process  is  called  "creeping".  Creeping  is  stimulated 
by  temperature  increases,  thus  it  is  time  and  temperature  dependent.  Numerous  other 
parameters  also  affect  the  creep  phenomena.  So,  for  example,  long  strain  gauges  are 
less  susceptible  to  creeping  than  short  ones  due  to  the  small  share  of  the  transfer 
zones  (Fig  2.2-6)  in  the  overall  measuring  grid  length.  A favourable  configuration  of 
the  measuring-grid  reversal  points  as  well  as  the  selection  of  the  thinnest  possible 
supporting  material  foils  also  reduce  creeping. 

The  creep  behaviour  of  applications  is  extensively  illustrated  by  so-called  time-temper- 
ature creep  diagrams  (Fig  4.5-1)  which  show  lines  of  similar  relative  creeping  for  a 
certain  application  as  a function  of  time  and  temperature. 

Thus  a user  must  try  to  apply  a highly  creep-resistant  combination  for  measurements 
extending  over  a prolonged  period  of  time. 

4.6  The  temperature  coefficient  of  a strain  gauge 

According  to  Section  2 . 2 .6 , the  temperature  coefficient  aj  oi  a bonded  strain  gauge  is 
composed  of  the  parameters  k,  aR,  az  and  a^,  which  are  all  a function  of  temperature. 

By  special  pre-treatment  of  the  strain  gauge  grid  material,  such  as  work-hardening  and 
heat  treatment,  aR  in  particular  can  be  predetermined  by  the  manufacturer  so  that  the 

strain  gauge  bonded  on  a certain  component  will  have  an  extremely  small  (ym/m/K) 

(Fig  2.2-14).  Normally  information  on  is  supplied  with  each  strain  gauge. 

In  practice,  circuitry  compensation  methods  are  used  in  addition  so  that  these  errors 
are  compensated  for  twice  and  can  normally  be  neglected  (Section  3. 3. 1.1  and  7.12). 

4 . 7 Fatigue  strength  of  a strain  gauge 

A strain  gauge  can  be  loaded  several  times  up  to  the  limit  of  its  maximum  elasticity. 

The  number  of  allowable  repetitions  depends  on  the  materials  used  for  the  strain  gauge, 
on  the  strain  amplitude  and  on  the  type  of  loading.  As  in  the  case  with  other  materials, 
the  measuring  grid  and  the  strain  gauge  connecting  parts  also  show  material  fatigue. 
Fatigue  failure  initially  appears  as  zero  drift  and  finally  as  a fatigue  fracture. 
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According  to  Ref (30), the  fatigue  strength  diagram  shewn  in  Fig  4.7-1  can  be  considered 
as  typical  for  high-quality  universal  strain  gauges.  This  figure  shows  the  zero  drift 
and  failure  zones  as  a function  of  the  alternating  strain  amplitude  and  the  number  of 
load  cycles. 

4.8  Effects  of  the  thickness  of  the  adhesive  layer 

It  is  pointed  out  in  other  chapters  of  this  report  that  a strain  gauge  can  only  measure 
surface  strains  (except  in  plastics  or  building  materials).  Owing  to  the  thickness 
of  the  adhesive  layer  a strain  gauge  subjected  to  flexural  load  measures  a slightly 
larger  strain  than  the  actual  component  strain.  This  Is  due  to  the  distance  of  the 
measuring  grid  from  the  component  surface.  The  usual  thickness  x of  the  adhesive 
layer  varies  from  'vlO  um  up  to  40  um,  according  to  the  adhesive  used.  The  errors 
for  components  of  various  thicknesses  h can  be  calculated  and  the  result  of  the  measure- 
ment can  be  corrected  according  to  the  relation 


where  - strain  measured  and  e - component  strain. 

This  does  not  take  account  of  stiffening  effects  (see  Section  4.10). 

4.9  Angular  errors  during  application  of  the  strain  gauge 

In  order  to  avoid  angular  errors  it  is  necessary  to  carefully  adjust  the  strain  gauge  in 
the  direction  of  the  strain  to  be  measured.  Otherwise  the  result  for  a uniaxial  state 
of  stress  has  to  be  corrected  using  the  relation 
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(4.9-1) 


c is  the  component  strain  to  be  measured  in  the  x direction  and  e is  the  strain  measured 
in  direction  a (see  Section  7. 1.5. 2 for  references  to  rosettes).0 

4.10  The  stiffening  effect 

A bonded  strain  gauge  stiffens  the  material  to  be  measured.  This  stiffening  cannot  be 
neglected  in  the  case  of  thin  specimens.  Its  effect  depends  on  the  cross  sectional  area 
and  the  moduli  of  elasticity  (Ref  (31).  In  the  case  of  normal  application,  a mean  modulus 
of  elasticity  between  5000  and  10000  N/mm2  can  be  assumed  for  adhesive,  supporting 
material  and  strain  gauge.  For  a 1 mm  thick  aluminium  sheet,  for  example,  the  error  then 
amounts  to  about  2%.  Equation  (4.10-1)  can  be  used  for  a rough  estimate  in  case  of 
tensile  loads  or  compressive  loads : 


F(%) 


100 


^ 4 3B 

where  3Q  **  thickness  of  strain  gauge  and  adhesive 
and  3g  ■ thickness  of  base  material 

4.11  Insulation  resistance  effect 


(4.10-1) 


The  insulation  resistance  of  a strain  gauge  may  be  reduced  by  environmental  effects 
(humidity,  oil,  dust  etc),  resulting  in  an  uncontrolled  adulteration  of  the  measured 
values.  Variations  in  the  insulation  resistance  during  the  measuring  process  are 
a particularly  important  source  of  errors. 


The  insulation  resistance  of  a bonded  strain  gauge  including  leads  should  exceed  1000  lift. 
To  ensure  this  value  even  during  long-term  measurements,  the  measurement  point  must  be 
adequately  covered  (see  Section  6.6). 


A detailed  description  of  this  effect  on  accuracy  is  given  in  Section  8.1.3. 


4 . 12  Averaging  effect  of  the  strain  gauge  over  the  entire  measuring  grid  area 

The  output  signal  of  a strain  gauge  is  determined  by  the  strain  behaviour  below  the 
measuring  grid;  the  measured  results  always  represent  the  mean  value  of  the  local  strain 
distribution.  Thus  an  accurate  strain  measurement  can  only  be  performed  by  uoing  a 
point-like  strain  gauge.  But  it  is  practically  impossible  to  manufacture  such  small 
strain  gauges . 

Thus,  a reliable  measurement  requires  some  knowledge  of  the  strain  gradient  which  must 
be  very  Bmall  over  the  entire  measuring  grid  area. 
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Fig  4.12-1  and  Fig  7.2-1  show  the  basic  correlation  between  the  measuring  grid  length  and 
the  measured  strain  c of  a notched  bar  which  has  a highly  inhomogeneous  strain  dis- 
tribution with  regardmto  the  strain  indicated. 

4.13  Estimation  of  the  total  errors 

The  accuracy  of  strain  measurements  with  strain  gauges  is  limited  by  the  properties 
described  above  but  can  be  improved  by  calibration  in  some  cases.  For  this  reason, 
a total  error  of  approximately  ±5%  has  to  bo  expected  under  normal  conditions.  In 
addition,  special  ambient  conditions  require  an  individual  error  investigation.  Errors 
of  approximately  ±2%  can  be  expected  in  the  case  of  calibrated  measuring  points. 

Heferences:  (18) , (26) , (27) , (28) , (29) , (30) , (31) . (52) , (64 ) , (66) , (67) , (68) , (72) , (77) , (83) , (86) . 


5.0  TYPES  OF  STRAIN  GAUGES 

5.1  Strain  gauge  configuration 

The  multitude  of  known  strain  gauges  can  bo  classified  into  two  main  groups:  strain 

gauges  with  supporting  materials  and  free-grid  strain  gauges.  For  most  practical 
applications,  strain  gauges  with  their  measuring  grids  firmly  attached  to  an  electrically 
Insulating  material  or  embedded  in  a supporting  material  are  used.  Only  the  terminals 
emerge  from  this  supporting  material.  Fig  l.? -1  shows  the  basic  configuration  of  these 
strain  gauges.  The  many  possible  variations  ef  this  basic  type  will  be  described  in 
the  following  sections. 

As  indicated  by  its  name,  the  free-grid  strain  .rfcuge  (Fig  8.1-1*  consists  of  the  measuring 
grid  only  which  is  normally  attached  to  a secondary  supporting  material.  This  is  removed 
from  the  measuring  grid  during  installation.  1 retaliation  of  a free-grid  strain  gauge 
is  difficult  because  of  the  frailty  of  the  thin  cob  Suctor  material.  They  are  generally 
used  only  in  temperature  ranges  where  common  supporting  materials  cannot  be  used  and  when 
the  use  of  special  applicatiou  techniques  can  be  justified.  Apart  from  type  and  shape, 
the  measuring  grid  size  has  to  be  taken  into  consideration  when  selecting  a strain  gauge 
(see  Fig  5.2-1). 

5.2  Grid  types  and  shapes 

There  are  several  hundred  different  strain  gauge  configurations  which,  however,  can  all 
be  assigned  to  one  of  the  five  basic  types  shown  in  Fig  5.2-1. 

5.2.1  Wire-grid  strain  gauge 

The  wire-grid  strain  gauge  is  the  most  commonly  used  strain  gauge,  the  measuring  grid 
consisting  in  this  case  of  a drawn  wire  (measuring  grid  materials  have  been  described 
in  Section  2.2)  which  is  arranged  meander-like  on  the  supporting  material  by  means  of  a 
jig.  Thicker  lugs  consisting  mainly  of  copper  alloys  are  soldered  or  welded  to  the 
ends  of  the  very  thin  measuring  wire.  Then  another  supporting  layer  is  placed  on 
the  wire,  lugs  and  supporting  material  and  subsequently  cured  at  elevated  temperature. 

The  bend  at  the  reversal  points  of  this  type  of  strain  gauge  have  an  adverse  effect  as 
part  of  the  active  grid  is  located  crosswise  to  the  measuring  direction  so  that  trans- 
verse strains  are  included  in  the  measuring  signal . 

In  the  case  of  a uniaxial  state  of  stress  however,  this  error  will  have  no  effect  if 
the  Poisson's  ratio  of  the  material  to  be  tested  and  the  material  on  which  the  strain 
gauge  factor  was  determined  comply  with  each  other.  As  the  Poisson's  ratios  of  commonly 
used  metallic  materials  do  not  differ  very  much  from  each  other,  the  transverse  sensitiv- 
ity can  generally  be  neglected  in  this  case. 

Other  conditions  prevail  in  the  case  of  a biaxial  state  of  stress  and  with  plastics, 
particular  fibre-reinforced  plastics  (see  Section  7.13).  There,  considerable  errors 

may  occur  if  the  transverse  sensitivity  of  a strain  gauge  is  neglected. 

This  error  source  is  not  important  for  strain  gauges  in  transducers  since  it  is  removed 
by  calibration. 

5.2.2  Flat-coil  gauges 

The  flat-coil  strain  gauges  (Fig  5.2-Ib)  are  less  important.  In  this  case  the  measuring 
wire  is  wound  around  an  intermediate  supporting  material.  A major  disadvantage  of  this 
strain  gauge  is  its  considerable  thickness  which  may  introduce  errors  in  the  measurement 
strains  in  thin  components  (refer  to  Section  4.10). 

5.2.3  Cross-bridge  gauges 

The  cross-bridge  strain  gauge  (Fig  5.2-1C)  is  hardly  used  any  more  but  will  be  described 
here  for  reasons  of  completeness.  In  this  case,  single  wires  are  laid  parallel  to  each 
other  and  are  subsequently  connected  by  relatively  thick  cross  bridges.  The  numerous 
soldered  joints,  however,  have  an  adverse  effect.  The  advantage  of  this  type  is  its 
low  transverse  sensitivity  and  good  strain  response  in  the  active  measuring  wires. 
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5.2.4  Metal-toll  gauges 

The  metal-foil  gauges  (Fig  S.2-1D)  are  of  increasing  importance.  During  manufacture, 
the  metal  foil  is  attached  to  the  supporting  material,  then  the  desired  grid  shape  is 
printed  on  the  fall  with  acid-resistant  paint.  The  grid  shape  can  also  be  applied 
photochemically  by  coating  the  metal  foil  with  a light-sensitive  medium  and  then 
exposing  it,  as  required.  The  bare  metal  areas  are  then  removed  by  etching  in  an 
acid  bath  so  that  the  desired  grid  is  retained.  By  this  method  any  desired  grid  shape 
and  size  can  be  produced  which  is  a great  advantage.  In  particular,  any  desired 
rosette  shape  can  be  obtained  with  considerable  accuracy.  Another  advantage  of  this 
strain  gauge  is  its  small  thickness  (<25  urn)  allowing  it  to  be  used  on  very  thin 
components.  In  early  types  a disadvantage  was  the  low  fatigue  strength  of  the  metal 
foil  strain  gauges  (due  to  strain  and  current  peaks  on  poorly  etched  conductor  paths). 
Fortunately  this  disadvantage  has  largely  been  eliminated  by  improving  the  manufacturing 
process.  Metal-foil  strain  gauges  are  already  equivalent  to  tbe  conventional  wire 
strain  gauges  as  far  as  their  dynamic  range  is  concerned.  Another  advantage  of  the 
metal-foil  gauge  type  is  tbe  better  heat  dissipation  from  the  measuring  grid  via  the 
supporting  material  to  tbe  adhesive  and  component.  It  can  thus  be  subjected  to  a 
higher  current  than  a wire  strain  gauge  of  the  same  size. 

Unlike  the  wire  strain  gauge  which  only  shows  positive  transverse  sensitivity  values, metal 
foil  strain  gauges  can  have  a positive  or  a negative  value  according  to  the  design. 

The  description  in  Section  2. 2. 5.1  of  the  wire  strain  gauge  also  applies  in  this  case. 

5.2.5  Strain  gauges  with  metal  supporting  materials 

Apart  from  the  free-grid  strain  gauge  which  can  be  designed  either  as  a wire  or  a 
metal-foil  strain  gauge,  strain  gauges  with  metal  supporting  materials  (Fig  5.2-lE) 
are  used  mainly  in  cases  of  high  temperatures.  For  this  type  of  strain  gauge,  the 
manufacturer  uses  high-temperature  adhesives  to  bond  the  measuring  grid  to  a metal 
lamina  which  will  be  spot-welded  to  the  component  to  be  measured. 

Another  type  has  the  measuring  wire  isolated  and  embedded  in  a metal  tube  which  again 
is  attached  to  a weldable  lamina. 

5.3  Supporing  materials  and  their  configuration 

The  transfer  of  strain  from  the  component  to  the  strain  gauge  is  determined  by  the 
following  properties  of  the  supporting  material: 

adhesive  power 
modulus  of  elasticity 
electrical  insulation 
hygroscopic  behaviour 
thermal  conductivity 
thermal  strength 
creep  strength 
elasticity 
fatigue  strength 
. aging  resistance 

temperature  dependence  of  all  properties 

The  supporting  material  is  used  to  transfer  the  strain  from  the  component  to  the  measuring 
grid  as  efficiently  and  accurately  as  possible.  It  must  therefore  be  properly  bonded  to 
the  component.  This  requires  an  adhesive  that  adheres  well  not  only  to  the  component 
but  also  to  the  supporting  material  (Section  2.2. 5.1). 

Another  pre-requisite  is  the  smallest  possible  thickness  of  the  supporting  material. 

An  excessively  thick  supporting  material  causes  stiffening  in  thin  components  and  thus 
leads  to  errors  in  the  measured  values  (refer  to  Section  4.10).  The  minimum  radius  of 
curvature  of  the  strain  gauge  is  considerably  affected  by  tbe  thickness  of  tbe  supporting 
material.  Thus  only  a very  thin  strain  gauge  can  be  used  if  a small  radius  of  curvature 
or  a small  wall  thickness  is  concerned.  Component  stiffening  and  the  minimum  radius  of 
curvature  are,  of  course,  also  affected  by  the  modulus  of  elasticity  of  tbe  supporting 
material.  An  increased  modulus  of  elasticity  results  in  a growing  stiffening  and  a 
decreased  flexibility  so  that  the  smallest  possible  modulus  of  elasticity  is  desirable. 
However  if  the  modulus  of  elasticity  becomes  too  small,  the  supporting  material 
(generally  plastics)  can  no  longer  transfer  the  strain  from  the  component  (generally 
metal)  to  the  metallic  measuring  grid.  So  here,  too,  a compromise  has  to  be  found  when 
selecting  the  supporting  material. 

In  order  to  ensure  an  adequate  electrical  insulation  even  with  exti  -mely  thin  supporting 
material  foils  (see  Section  4.11  and  Section  8.1.3),  the  material  must  be  an  efficient 
insulator.  Insulation  is  affected  by  the  ambient  humidity,  therefore  a good  supporting 
material  must  not  be  hygroscopic. 
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The  supporting  material  should  alao  be  aa  good  a thermal  conductor  aa  possible . On  the 
one  hand,  the  heating  of  the  measuring  grid  caused  by  the  supply  voltage  must  be 
efficiently  dissipated  and  on  the  other,  the  temperature  of  the  strain  gauge  should  be 
as  cloa?  as  possible  to  that  of  the  component  in  order  to  avoid  measuring  errors  in  the 
case  of  considerable  ambient  temperature  variations. 

The  supporting  material  should  not  creep  under  load  in  order  to  avoid  measuring  errors 
in  particular  during  static  long-term  measurements.  Furthermore,  it  should  also  be 
able  to  endure  high  strains  (>  10000ym/m)  without  being  damaged  and  should  have  an 
adequate  dynamic  strength.  The  values  for  maximum  elasticity  and  dynamic  strength  of 
the  supporting  material  should  be  higher  than  the  values  of  the  same  quantities  of  the 
measuring  grid  material  in  order  to  take  full  advantage  of  the  measuring  grid  properties. 

The  supporting  material  should  retain  the  properties  previously  described  with  the 
greatest  possible  stability  for  as  large  a temperature  range  as  possible  from  cyrogenic 
up  to  the  highest  temperatures. 

None  of  the  materials  so  far  used  meets  the  stated  maximum  requirements.  Some  of  the 
materials,  however,  are  particularly  suitable  for  specific  fields  of  application.  Thus 
it  has  to  be  determined  in  each  case  which  of  the  available  strain  gauges  is  best  suited 
to  meet  the  specified  requirements. 

The  characteristics  of  some  of  the  more  commonly  used  strain  gauge  types  are  stated 
below  to  facilitiate  decision  making. 

5.3.1  Strain  gauges  with  paper  supporting  material 

Paper  supporting  materials  are  not  used  to  any  extent  today.  The  paper  supporting 
materials  impregnated  with  acrylic  or  epoxy  resin  were  hygroscopic  so  that  their 
application  was  limited  to  a very  small  temperature  range  (150  to  350  K) . 

5.3.2  Strain  gauges  with  epoxy  or  phenolic  resin  supporting  material 

Supporting  materials  using  epoxy  or  phenolic  resin  bases  were  developed.  Most  of  their 
properties  have  been  considerably  improved  (temperature  range  70  to  400  K),  but  they  have 
now  been  replaced  to  a large  extent  by  more  advanced  supporting  materials.  Today  strain 
gauges  on  an  epoxy  or  phenolic  resin  supporting  materials  are  manufactured  only  for  some 
specific  fields  of  application.  Examples  are  highly  vibration-resistant  wire  strain 
gauges  on  phenolic  resin  bases  and  metal-foil  strain  gauges  on  an  epoxy  resin  base. 

These  are  commercially  available  and  particularly  recommended  for  the  manufacture  of 
transducers.  However,  these  types  require  special  application  methods  so  that  in  spite 
of  their  good  characteristics  their  use  in  normal  fields  of  application  is  not  recomm- 
ended. 


5.3.3  Strain  gauges  with  polyimlde-foll  supporting  material 

Today,  metal-foil  strain  gauges  on  a polyimide- foil  basis  are  almost  the  only  ones 
recommended  for  standard  measurements.  They  are  available  in  many  sizes,  shapes  and 
with  different  resistances.  They  are  flexible  and  easy  to  apply.  The  special 
advantages  of  this  supporting  material  are  its  extended  thermal  field  of  application, 
its  relatively  large  flexibility,  its  Improved  hygroscopic  behaviour  and  its  easy 
application. 

5.3.4  Strain  gauges  with  glass-tlbre-reinforced  supporting  material 

Strain  gauges  with  glass-fibre-reinforced  epoxy,  phenolic  or  polyimide  resin  supporting 
materials  are  recommended  for  very  accurate  measurements  or  measurements  under  severe 
environmental  conditions  (such  as  elevated  temperature).  However,  the  application  of 
these  strain  gauges  requires  an  increased  effort  if  their  improved  properties  are 
to  be  utilized. 

5.3.5  Strain  gauges  for  large  strains 

Wire  strain  gauges  on  a cellulose  basis  and  metal-foil  strain  gauges  on  polyimlde-foil 
basis  are  available  for  measuring  very  large  strains.  These  specially  treated  strain 
gauges  can  be  used  to  measure  strains  up  to  100000  um/m  or  200000  wm/m.  Table  5.3-1 
shows  some  typical  parameters  for  various  strain  gauge  groups.  The  values  stated  are 
approximate  values  that  may  differ  considerably  for  the  individual  manufacturers. 


The  latest  manufacturers  data  and,  if  necessary,  conaultory  services  should  be  requested 
if  the  application  of  strain  gauges  is  planned  a a this  paper  cannot  deal  in  detail  with 
special  problems  associated  with  installation. 


Table  5.3-1:  Typical  properties  of  some  strain  cause  groups 
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S.4  Vapour-deposited  strain  gauges 

The  new  technology  of  vapour-depositing  strain  gauges  is  of  increasing  importance, 
at  least  for  the  manufactureof  transducers.  In  this  case,  the  gauge  area  of  the 
transducer  is  first  provided  with  an  Insulating  layer.  Subsequently,  the  measuring 
grid  is  vapour-deposited  over  a mask  particularly  adapted  to  the  absorptivity  required. 
This  method  results  in  a considerably  simpler  application  process  since  the  relatively 
complicated  bonding  procedure  is  not  required. 

On  the  other  band,  the  procedure  is  only  suitable  for  large  scale  production  as  a 
relatively  large  amount  of  tooling  is  necessary.  Furthermore,  its  use  other  than  for 
the  manufacture  of  transducers  is  impracticable  because  gauge  factor  variations  lead 
to  the  need  for  calibration. 

Reference:  (71) 


6.0  APPLICATION  OF  STRAIN  GAUGES  TO  STATIC  AND  DYNAMIC  SHORT  AND  LONG  TERM 



6.1  Preliminary  remarks 

6.1.1  Technical  boundary  conditions 

First  let  us  define  the  normal  conditions  under  which  a strain  gauge  is  used  in  aircraft 
flight  test.  The  temperatures  prevailing  on  an  aircraft  are  between  350  K on  the 
ground  (solar  influence)  and  approximately  300  I during  flight  at  high  altitudes. 
Stagnation-point  and  friction  temperatures  (which  may  exceed  475  K on  aircraft  flying 
at  high  speeds)  as  well  as  temperatures  found  close  to  the  engine  will  be  neglected  for 
the  time  being.  Chapter  8 describes  the  strain  gauge  technique  used  under  these 
specific  conditions  of  application. 

Furthermore,  there  are  various  complicating  environmental  conditions  such  as  high  air 
humidity,  condeused  water,  icing  etc.  A special  effort  is  required  during  the 
installation  of  strain  gauges  in  order  to  obtain  reliable  measuring  results  under  the 
conditions  described. 

As  with  other  bonding  techniques,  the  most  important  pre-requisite  for  the  bonding  of 
strain  gauges  is  extreme  cleanliness.  Even  tha  slightest  traces  of  contamination, 
in  particular  of  grease  and  oil,  will  prevent  the  attainment  of  an  efficient  bond. 

If  the  areas  to  be  bonded  are  insufficiently  cleaned,  faulty  measurements  can  be 
expected.  The  resulting  costs  for  reinstallation,  recalibration  etc  may  considerably 
exceed  the  originally  estimated  installation  expenditure.  Quite  often,  reinstallation 
is  not  possible  (e.g.  in  the  case  of  closed  wing  boxes). 

Engineering  work  is  also  required  to  determine  the  most  favourable  positions  of  the 
strain  gauges  for  a certain  measurement. 

No  difficulties  are  encountered  if  the  strains  at  critical  cross  sections  only  have  to 
bo  determined.  The  measurement  of  forces  on  control  linkages  that  can  be  replaced 
at  any  time  without  major  difficulties,  is  no  particular  problem. 

However,  the  accomplishment  of  flight  load  measurements  on  the  structure  (refer  to 
Section  7.14)  requires  very  accurate  planning  in  order  to  determine  the  most  favourable 
measuring  positions. 

The  available  space,  in  a thin  tail  profile  for  instance,  has  to  be  considered  too 
if  possible.  New  passages  in  the  supporting  structure  should  not  be  provided  for 
connecting  cables  access. 

All  of  these  boundary  problems  have  to  be  settled  prior  to  the  application  of  the  strain 
gauges . 

6.1.2  Organizational  boundary  conditions 

Nearly  all  flight  load  measuring  points  have  to  be  installed  inside  the  structure,  thus 
impeding  direct  access  after  completion  of  assembly.  Strain  gauge  Installation  has 
therefore  to  be  included  iu  the  production  process.  This  requires  exact  coordination 
between  test  department  and  production  to  ensure  the  furnishing  of  material  and  the 
assignment  of  installation  personnel.  The  fact  that  several  years  may  pass  from 
installation  to  calibration  or  measurement  also  has  to  be  considered.  From  the  above 
it  follows  that  major  projects  require  the  early  preparation  of  a time  and  material 
schedule. 

The  numerical  system  required  to  identify  the  measuring  points  will  be  neglected  for 
the  time  being  as  it  is  almost  alwayf  predetermined  by  the  general  measuring  point 
system. 

In  spite  of  the  briefness  of  the  statements  included  in  this  chapter,  the  extreme 
importance  of  the  c .ganization  with  regard  to  a perfect  and  cost-effective  performance 
of  the  installatiou  work  must  be  clearly  emphasized  at  this  point. 
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8.2  Material  selection 


The  Material  Must  suitable  for  tbo  various  applications  has  to  be  selected  frost  the 
numerous  Materials  available  taking  into  consideration  the  aboveMentloned  technical 
boundary  conditions.  In  this  connection,  a number  of  factors  have  to  be  considered: 

Selection  of  the  strain  gauge  Manufacturer: 

the  manufacturer  has  to  have  sufficiently  large  stock  of  required  strain 

gauge  types  and  shapes; 

he  aust  have  the  necessary  adhesives,  protective  Materials  and  pretreatment 

media; 

the  nearest  branch  or  agency  of  the  manufacturer  should  not  be  too  far  away; 
at  least  it  should  be  located  in  the  same  country; 

delivery  times  should  not  be  too  long,  even  for  somewhat  unusual  types; 
the  price  should  be  within  reasonable  limits; 

apart  from  the  values  stated  in  the  data  sheets,  the  manufacturer  should  also 
describe  the  test  procedures  which  were  used  to  determine  the  values. 

Selection  of  the  materials: 

selection  of  strain  gauge  materials  (measuring  grid  and  supporting  material) 
to  suit  the  ambient  conditions  to  be  expected  and  providing  the  required 
accuracy ; 

selection  of  adhesives,  pretreatment  media,  protective  and  other  secondary 

materials; 

determination  of  the  minimum  sine  (Set  4)  for  the  selected  strain  gauge 
resistance  and  the  selected  supply  voltage; 

determination  of  thermal  compensation  coefficients; 

selection  of  the  necessary  strain  gauge  shapes  (uniaxial  atrain  gauge, 

<r/80  - or  ±45°  - rosettes,  triaxlal  rosettes). 

Each  individual  user  of  strain  gauges  will,  of  courss,  attach  a different  importance 
to  the  stated  selection  criteria. 

Tor  the  frequent  user  having  to  perform  not  only  flight  tests  but  also  static  and  dynamic 
ground  teats,  it  is  advisable,  taking  account  of  the  required  number  of  strain  gauges, 
to  have  a sufficiently  large  stock  of  special  strain  gauges  available.  He  will  then 
be  more  independent  and  flexible  so  that  neither  the  variety  of  types  of  the  individual 
manufacturers  nor  the  delivery  time  a will  be  a decisive  factor. 

Moreover,  it  is  advisable  to  order  the  required  secondary  materials  such  as  adhesives, 
pretreataont  media  and  protective  materials,  fro»i  different  manufacturers . Based  on 
our  own  experience  and  by  meana  of  comparative  teats  regularly  perforated  with  new 
materials  entsring  the  market,  it  Is  always  possible  to  use  the  most  suitable  secondary 
material  in  each  case. 

Less  frequent  users  who  for  example  have  to  perform  only  routine  flight  tests,  must 
be  sure  that  the  manufacturer  can  readily  and  quickly  supply  certain  special  strain 
gauges;  for  only  then  will  the  user  be  able  to  treat  new  measuring  requirements  with 
adequate  promptness. 

In  this  case,  all  secondary  materials  available  from  one  manufacturer  should  be  preferred 
in  order  not  to  waste  time  and  money  on  lengthy  preliminary  tests.  Furthermore,  each 
manufacturer  will  be  ready  to  give  assistance,  if  necessary,  which  will  be  facilitated 
by  small  geographical  distances. 

The  price  of  the  individual  strain  gauges  is  less  important  for  both  users  as  it  will 
not  exceed  10%  of  the  entire  installation  and  calibration  costs.  Thus,  using  the  least 
expensive  strain  gauge  would  be  of  only  minor  consequence  to  the  total  price  even  in 
the  case  of  large  quantities. 

However,  the  selection  of  suitable  adhesives,  protective  materials  and  pretreatment 
media  will  have  a considerably  larger  effect  on  the  total  price.  These  media  can  affect 
the  work  time  required  which  contributes  considerably  (^80%)  to  the  installation  costs. 

The  selection  of  hot-setting  adhesive  with  a lengthy  and  complicated  curing  cycle,  for 
example,  would  result  in  high  installation  coats.  If,  however,  a cold-setting  adhesive 
is  selected  that  is  simple  to  work,  the  costs  are  considerably  lower. 


39 


This  reflection  on  costs,  however,  should  not  result  in  the  selection  of  the  simplest 
and  least  expensive  adhesive  particularly  when  the  quality  is  very  much  inferior  to  that  of 
hot-setting  adhesive.  The  costs  possibly  arising  due  to  reinstallation  and  recalibration 
have  already  been  mentioned.  As  in  many  other  respects,  here  too  a reasonable  com- 
promise has  to  be  found. 

Some  boundary  conditions  remain  to  be  considered;  however,  they  can  only  be  approximated 
as  they  largely  depend  on  the  conditions  of  application  such  as  purpose  and  method 
of  application,  time  available,  access  to  the  bonding  areas  and  last  but  not  least  the 
component  materials. 

First,  the  strain  gauges  must  endure  the  expected  application  temperatures.  When 
selecting  the  measuring  grid  material  it  has  to  be  determined  whether  accurate  results 
are  expected  at  the  assumed  maximum  temperatures  or  whether  measurements  are  to  be 
performed  at  normal  temperatures  only.  Constantan  measuring  grids,  for  example,  can 
be  heated  up  to  450  K,  but  accurate  results  cannot  be  expected  at  these  temperatures 
due  to  structural  changes  (refer  to  Chapter  8). 

It  is  recommended  that  a small  safety  margin  be  Included  in  order  to  avoid  possibl 
destruction  of  measuring  points  in  case  of  over-temperatures. 

Table  6.2-1  shows  the  acceptable  thermal  limits  for  some  of  the  strain  gauge  families. 

However,  when  planning  their  use  it  is  recommended  that  the  manufacturers  be  consulted. 

The  some  applies  to  the  dynamic  load  capacity  of  strain  gauges  which,  however,  is  not 
important  for  conventional  materials.  Increased  attention  has  to  be  paid  to  this  fact 
only  if  high-strength  steels  or  titanium  alloys  are  to  be  loaded  to  a value  Just  below 
their  load  capacity. 

In  general,  strain  gauges  and  adhesives  need  not  be  resistant  to  chemical  attack. 

Appropriate  materials  have  to  be  used  to  protect  them  against  these  influences  (see 
Section  6.6)  if  injurious  chemicals  are  present. 

The  minimum  size  of  the  strain  gauge  is  determined  by  the  supply  voltage  selected, 
the  resistance  selected  and  the  thermal  conductivity  of  the  material  to  be  tested 
(refer  to  Section  3.2.1  and  Bef  (4)). 

The  thermal  compensation  coefficients  of  strain  gauges  and  component  should  match.  ^ 

However,  in  particular  cases  strain  gauges  actually  designated  for  another  material  5 

can  also  be  used  Jn  order  to  avoid  a profusion  of  types.  For  example,  a strain  gauge  i 

with  - 23  pm/m/K  (Al)  should  not  be  installed  on  a titanium  component  (aT  * 9 pm/m/K).  i 

However,  a strain  gauge  designated  for  steel  (aT  <*  12  pm/m/K)  can  well  be  used  for  ! 

titanium.  Special  care  must  also  be  taken  that  within  a single  full-bridge  (only  here 
is  this  method  permissible  at  all)  strain  gauges  from  only  one  package  are  used  in 
order  to  avoid  excessive  dependence  of  the  zero  point  on  the  temperature. 


Table  6.2-1:  Acceptable  temperature  ranges  for  strain  gauges 


Temperature  limits  (K) 

Supporting  material 

Lower 

limit 

Upper  limit 
for  sustained 
loading 

Upper  limit 
for  short-term 
loading 

Paper  impregnated  with 
acrylic  resin 

70 

350 

370 

Phenolic  resin 

70 

420 

470 

Phenolic  resin-glass  fibre 

70 

500 

520 

Polyimide 

70 

450 

480 

Polyimide-glass  fibre 

4 

600 

650 

Epoxy  resin 

70 

400 

450 

Epoxy  resin-glass  fibre 

4 

550 

650 

Asbestos 

100 

670 

700 

The  values  refer  to  the  supporting  materials;  the  limits  for  the 
measuring  grid  materials  are  stated  in  Table  2.2-1  and  those  for 
the  adhesives  in  Table  6.4-1. 
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The  selection  of  tbe  strain  gauge  types  will  differ  considerably  from  one  user  to  the 
other.  If  a strain  gauge  is  to  be  used  only  once,  a simple  strain  gauge  will  probably 
be  selected  in  order  to  keep  the  variety  of  types  and  thus  the  storing  costs  as  low  as 
possible.  The  0°/90°  - or  the  ±45°  - rosettes  required  can  also  be  formed  by  single 
strain  gauges.  The  angle  errors  occurring  are  compensated  by  subsequent  calibration. 

(Bef (7) ) . 

6.3  Pretreatment  of  bonding  areas 

As  already  mentioned,  extreme  cleanliness  is  required  if  successful  meAsurements  with 
strain  gauges  are  to  be  performed.  Thus  the  bonding  areas  have  to  be  thoroughly  cleaned 
and  prepared  for  the  selected  type  of  adhesive.  After  precleaning,  two  cleaning  phases 
are  generally  required  (mechanical  and  chemical  cleaning)  which  may,  however,  overlap. 

6.3.1  Precleaning 

First,  all  coarse  contamination  and  surface  treatment  media,  such  as  varnish,  grease, 
rust  etc,  have  to  be  removed.  This  can  be  effected  mechanically  by  means  of  abrasion, 

polishing  with  emery,  sand  blasting  etc  or  chemically  by  means  of  solvents  or  pickling 
media;  in  the  latter  case  the  compatibility  of  adhesive  and  pickling  medium  has  to  be 
proved  by  preliminary  tests.  The  very  active  pickling  media  might  penetrate  into  porous 
materials  from  where  they  are  difficult  to  remove  and  may  affect  the  properties  of  the 
adhesive.  Furthermore,  irregularities  of  the  bonding  surfaces  should  be  removed  if 
possible. 

6.3.2  Mechanical  pretreatment 

Subsequent  to  the  removal  of  surface  contamination,  the  bonding  areas  have  to  be  thoroughly 
degreased  by  means  of  lint-free  tissue  (Kleenex,  Kimwipes  etc.)  impregnated  with  an 
adequate  solvent  such  as  MEK  (methyl-ethyl-ketone),  freon,  chlorotene  or  equivalent. 

The  tissue  has  to  be  changed  frequently  until  it  no  longer  shows  any  colouration. 

Care  has  to  be  taken  that  a first  large,  then  steadily  decreasing  area  is  cleaned 
thus  avoiding  new  contamination  and  grease  particles  being  transferred  to  tbe  bonding 
surface  from  the  periphery. 

Subsequent  to  cleaning  the  bonding  surface  should  again  be  roughened  uniformly  with 
circular  grinding  movements  using  emery  paper  or  cloth  (grain  250  to  400).  Then 
degreasing  as  described  above  is  repeated. 

Anodized  and  clad  A1  components  should  be  handled  with  care  as  they  are  generally  'r.ry 
sensitive  to  notches.  Deep  scratches  and  nicks  have  to  be  avoided  by  all  means. 

However,  care  has  to  be  taken  that  the  oxide  layer  is  completely  removed. 

6.3.3  Chemical  pretreatment 

In  addition  and  subsequent  to  the  work  described  above,  chemical  pretreatment  is  possible 
to  remove  even  the  smallest  remaining  contamination  and  oxide  layers.  For  this 
purpose,  a slightly  acid  medium  (metal  conditioner)  has  proved  useful. 

It  is  best  applied  to  the  bonding  surface  with  circular  movements  by  means  of  wet-type 
emery  paper,  grain  250-400  held  by  tweezers,  if  possible. 

After  having  removed  the  conditioner  with  a piece  of  tissue,  the  surface  has  to  be 
treated  with  a neutralizer  as  most  adhesives  do  not  or  poorly  adhere  to  acid  surfaces. 
Neutralizing  should  be  repeated  several  times  to  obtain  a perfect  bonding  surface. 

The  strain  gauge  should  be  bonded  as  soon  as  possible  following  the  pretreatments 
described  above  to  avoid  reoxidation  of  the  surface.  After  treatment  the  bonding 
surface  should,  of  course,  not  be  touched  again. 

It  is  also  useful  to  treat  the  bonding  surface  of  the  strain  gauge  with  a neutralizer 
right  before  bonding. 

In  general,  the  pretreatment  procedure  described  here  can  be  used  at  any  time. 

However,  it  is  possible  that  the  manufacturer  of  tbe  strain  gauges  and  adhesives 
prescribes  a procedure  differing  in  detail  from  the  one  described.  The  instructions 
and  remarks  of  the  manufacturer  should  be  complied  with. 

6 .4  Adhesives 


The  adhesive  is  of  decisive  importance.  It  must  be  able  to  transfer  the  strain  from 
the  component  to  the  strain  gauge  in  the  best  possible  way  within  the  entire  temperature 
range.  It  may  neither  creep  nor  should  it  lose  its  adhesion  even  after  several  years. 
Its  insulation  resistance  should  be  as  high  as  possible. 

6.4.1  Cold-setting  adhesives 

Adhesives  curing  at  room  temperature  generally  do  not  wholly  meet  the  above  stated 
conditions.  As  a rule,  they  are  less  age-resistant  than  hot-setting  adhesives  and 
their  load-capacity  is  slightly  lower.  However,  they  are  well  suited  for  flight 
measurements  if  used  with  special  care. 


A considerable  number  of  adhesives  are  offered, 
the  groups  mentioned  in  Table  6.4-1. 
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Most  of  them  can  be  assigned  to  one  of 


Table  6.4-1:  Survey  of  some  groups  of  adhesives 


Type  of  adhesive 

Temperature 
range  (k) 

Elasticity 
( cm/m) 



Curing  time 
(h) 

1)  Cold-setting 
adhesives 

a)  acrylic  resins 

70-350 

2-3 

0.3-0. 5 

b)  cyanoacrylates 

100-370 

2-5 

0.1-0.25 

c)  epoxy  resins 

4-400 

1-3 

8-16 

2)  Hot-setting 
adhesives 

a)  epoxy  resins 

4-650 

1-2 

4-8 

b)  phenolic  resins 

20-450 

1-2 

6-8 

c)  polyimide  resins 

10-650 

1-2 

5-8 

d)  ceramic  adhesives 

10-1300 

0 

tn 

1 

4-8 

6 . 4 . 1 . 1 Acrylic  resin  adhesives 

Acrylic  resin  adhesives  are  usually  two -component  adhesives,  their  temperature  limits 
ranging  between  70K  and  350K.  At  lower  temperatures  the  adhesive  becomes  very  brittle. 
If  the  temperature  exceeds  370K,  it  softens  and  creep  phenomena,  i.e.  zero  shift, 
occurs.  At  temperatures  exceeding  420K  the  adhesive  is  destroyed.  If  temperatures 
from  350K  to  420K  only  occur  when  no  load  is  applied,  static  loadings  and  measurements 
can  be  resumed  as  soon  as  the  temperature  has  fallen  below  the  350K  limit. 

Acrylic  resin  adhesives  are  fast-setting.  The  pot-life  for  temperatures  from 
290  to  295K  is  1 to  2 minutes  so  that  dynamic  measurements  can  be  initiated  after 
10  to  15  minutes  and  static  measurements  after  20  to  30  minutes.  Low  temperatures 
retard  while  higher  temperatures  accelerate  the  curing. 

For  flight  measurements  acrylic  resin  adhesives  should  be  used  only  for  short-term 
measurements.  As  they  are  very  hygroscopic,  the  strain  gauges  should  be  adequately 
protected  after  bonding  (see  Section  6.6). 

This  type  of  adhesive  is  most  suitable  for  the  fastening  of  (light)  cables,  as  well  as 
for  deformation  and  acceleration  pick-ups, 

6. 4. 1.2  Cj anoacrylates 

Cyanoacrylates  are  fast-setting  single-component  adhesives.  Polymerization  is  initiated 
by  humidity.  Temperatures  from  290  to  295K  and  an  atmospheric  humidity  from  40  to  70% 
have  proved  to  be  the  most  favourable  conditions.  Curing  at  low  temperature  or  low 
humidity  requires  considerable  time.  At  more  than  80%  humidity  shock  hardening  takes 
place  and  prevents  the  formation  of  good  adhesive  joints. 

If  the  limits  indicated  (290  to  295K,  40  to  70%  relative  humidity)  are  observed,  dynamic 
measurements  can  be  initiated  10  minutes  after  bonding  and  static  measurements  15 
miuutes  after  bonding. 

Cyanoacrylates  give  good  results  and  can  also  be  used  for  dynamic  flight  raeisurements 
over  extended  periods. 

The  various  adhesives  available  on  the  market  differ  from  each  other  only  as  far  as  their 
setting  time  is  concerned.  An  accelerator  is  required  for  some  cyanoacrylate  adhesives, 
but  for  some  applications  the  use  of  an  accelerator  will  result  in  shock  hardening  or 
embrittlement  and  thus  insufficient  bonding. 

6. 4. 1.3  Other  adhesives 

Apart  from  the  adhesives  described  above,  there  are  a few  other  cold-setting  adhesives 
based  mostly  on  epoxy  resin.  These  adhesives  can  be  used  for  static  measurements  from 
4K  to  400K  by  making  proper  selection  from  different  manufacturers  and  types. 
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Further  adhesives  are  offered  for  large  strains.  The  temperature  limits  for  these 
adhesives  are  70K  and  340K  respectively. 

Ail  of  these  adhesives  require  a curing:  time  of  up  to  24  hours  at  room  temperature, 
the  strain  gauges  having  to  be  applied  with  a pressure  of  5 to  20  N/cm2 . 

At  higher  curing  temperatures  the  curing  times  are  reduced  and  bonding  quality  .is 
considerably  increased. 

The  authors  obtained  excellent  results  with  an  araldite  resin  system  from  CIBA,  the 
AV  138  + H’v  998  types.  The  curing  time  at  room  temperature  is  about  8 hours  and 
the  strain  gauge  should  be  applied  with  a pressure  of  5 to  40  N/cm2  (higher  contact 
pressured  result  in  thinner  bonding  layers).  At  higher  temperatures  a considerable 
reduction  in  curing  time  can  be  achieved;  at  350K  it  is  approximately  30  minutes, 
at  370X  it  is  only  10  to  15  minutes. 

The  adhesive  was  loaded  within  a range  of  20K  to  420K.  In  the  unloaded  condition 
the  adhesive  withstood  thermal  loads  up  to  470K  without  noticeable  deterioration  of 
its  bonding  properties.  It  can  be  used  for  long  term  flight  measurements  as  well 
as  for  the  manufacture  of  transducers. 

6.4.2  Rot-setting  adhesives 

Hot-setting  adhesives  can  be  used  within  the  entire  temperature  range  from  4K  to  1300K; 
however  very  few  of  the  types  will  reach  the  maximum  temperature. 

Hot-setting  adhesi'  ftp  can  also  be  used  for  normal  temperature  ranges  if  the  bonding 
has  to  meet  p*: tic ul arly  stringent  requirements. 

The  availability  of  hot-setting  adhesives  is  quite  extensive  so  that  only  a selected 
number  is  described  in  some  detail . They  can  also  be  classified  into  various  groups 
of  adhesive  systems. 

6. 4. 2.1  Epoxy  reslvis 

Apart  from  the  cold  or  hot.-setting  adhesives  described  in  Section  6. 4. 1,3,  a number  of 
epoxy  systems  are  offered  which  can  only  be  artificially  cured.  The  types  offered 
by  different  manufacturers  can  be  used  for  the  temperature  range  4K  to  650K. 

Some  types  (solvent-diluted  single  component  types)  have  to  be  pre-dried  at  room 
temperature  or  elevated  temperatures  at  about  320K. 

Curing  temperatures  are  between  400K  and  480K, depending  on  the  type.  Some  adhesives 
require  different  temperature  cycles  during  curing,  some  require  additional  ageing  after 
bonding . 

The  curing  time  is  up  to  eight  hours  at  different  temperature  levels. 

The  contact  pressure  applied  during  bonding  amounts  to  5 to  100  N/cm2  depending  on  type. 

A proper  selection  ard  comparison  of  different  types  is  recommended. 

6. 4. 2. 2 Phenolic  resins 

One  of  the  few  adhesives  in  this  group  has  to  be  cered  for  two  hours  at  400K  applying  a 
minimum  pressure  of  150  N/cm2.  No  contact  pressure  is  required  for  ageing. 

6. 4. 2. 3 Polyimide  resins 

Ti.  is  type  of  adhesive  can  be  used  for  static  measurements  from  4K  to  600K  and  for  dynamic 
measurements  up  to  670K.  Due  to  the  complex  curing  procedure  its  use  is  limited 
almost  exclusively  to  r.he  manufacture  of  transducers. 

6 . 4 . 2 . 4 Ceramic  adhesives 

This  group  again  comprises  a very  large  number  of  adhesives.  Ceramic  adhesives  are 
preferred  tor  free-grid  strain  gauges  manufactured  from  fcigh-temperature  resistant 
alloys.  Put  ceramic  adhesives  can  also  be  used  in  connection  with  strain  gauges 
having  asbestos  supporting  materials  (Japanese  manufacturer).  The  application 
technique  for  free-grid  strain  gauges  with  ceramic  adhesives  is  described  in  some 
detail  in  Chapter  8. 

However,  all  ceramic  adhesives  should  be  used  for  flight  measurements  only  if  extreme 
conditions  prevail.  The  very  difficult  application  of  free-grid  strain  gauges  and  the 
high  curing  temperatures  require  installation  conditions  which  can  practically  only  be 
achieved  in  laboratories. 

Ceramic  cements  can  be  used  for  high  temperature  measurements  up  to  1250K. 
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6. 4. 2. 5 Special  procedures 

Flame-epraying  is  a special  application  procedure.  In  this  case  the  free-wire  measuring 
grid  is  embedded  in  AliOswhich  is  sprayed  on  to  the  measuring  object  and  strain  gauge  at 
very  high  temperatures. 

Another  special  procedure  concerns  the  welding  of  strain  gauges.  The  measuring  grids 
are  bonded  to  a metal  lamina  by  means  of  a ceramic  adhesive  and  the  metal  lamina  is 
spot-welded  to  the  measuring  object. 

The  special  procedures  are  less  useful  for  flight  measurements  than  the  ceramic  adhesives. 
They  should  be  used  only  at  temperatures  that  cannot  be  endured  by  other  strain  gauges 
and  adhesives  (refer  Chapter  8). 

6.5  Wiring  technique 

The  connection  of  the  extremely  thin  strain  gauge  lugs  to  the  relatively  thick  lead  wire 
should  normally  be  effected  via  a solder  terminal  bonded  in  front  of  the  str.  ,i  gauge. 

Special  attention  should  be  paid  to  the  connection  from  the  strain  gauge  to  the  solder 
terminal.  The  lug  should  never  be  connected  to  the  solder  terminal  under  mechanical 

stress  as  a fatigue  fracture  of  the  lug  will  rapidly  occur  in  the  case  of  dynamic 
loading.  The  risk  of  a premature  fatigue  fracture  can  be  reduced  by  a small  bend  in 
the  lug  (Fig  6.5-1). 

Another  procedure  is  recommended  for  the  strain  gauges  which  are  provided  with  pre-tinned 
connecting  points  (diameter  ^0.3  mm).  Here  the  lead  should  first  be  stripped  over  a 
length  of  15  mm.  Now  one  or  two  of  the  single  wires  will  be  bent  away  from  the  lead; 
the  remaining  wires  are  cut  short  to  a length  of  ^2  mm  and  soldered  to  the  solder 
terminals.  The  remaining  long  wires  are  bent  in  a bow  to  the  connecting  point  where 
they  are  soldered  by  means  of  a special  soldering  iron  (Fig  6.5-2).  Thus  a connection 
is  made  which  can  endure  even  extreme  dynamic  loads. 

Strain  gauges  offered  with  integrated  solder  terminals  are  an  exception.  Here  the  solder 
terminals  are  permanently  attached  to  the  strain  gauge.  The  tiansition  from  the  thin 
measuring-grid  cross  section  to  the  thick  connecting  cross  section  is  such  that  it  can 
resist  even  high  dynamic  loads. 

All  strain  gauge  manufacturers  incorporate  solder  terminals  of  various  sizes  and 
arrangements,  including  those  for  rosettes,  in  their  delivery  programmes. 

Care  must  be  taken  that  the  solder  terminals  are  not  affected  by  maximum  temperatures 
occurring  during  application  and  that  they  can  be  bonded  in  a single  step  with  the 
adhesive  selected  for  the  strain  gauges. 

Furthermore,  the  melting  point  of  the  solder  used  should  be  higher  than  the  maximum 
working  temperature  in  order  to  avoid  a separation  of  the  solder  joint. 

Special  connecting  techniques  described  in  detail  in  Chapter  8 have  to  be  used  for  high 
temperature  measurements. 

Teflon  or  kapton-insulated  leads  are  recommended  as  connecting  wires  for  flight  measure- 
ments. They  resist  temperatures  ranging  from  4 K to  530  K (teflon)  and  to  600  K (kapton). 
The  wires  should  be  shielded  and  twisted  to  avoid  interference.  Stranded  wires  should 
be  given  preference  to  solid  wires  due  to  their  better  flexibility. 

Three  or  four  core  cables  are  used  according  to  the  type  of  bridge  applied  (semi  or 
full  bridges). 

PVC-insuleted  wires  should  not  be  used  for  flight  measurements.  They  are  far  more 
sensitive  to  f >iels  and  hydraulic  oils  than  teflon  or  kapton  and  are  less  age  resistant  . 

For  high  temperature  ranges,  only  glass-fibre  insulated  wires  and  strips  should  be  used. 

Up  to  approximately  5?0  K,  tin-plated  or  silver-plated  Cu  is  used  as  a conductor  material . 
Strips  of  Cr-Ni  alloy  can  be  used  in  the  high  temperature  range  but  up  to  750  K nickel- 
plated  Cu  conductors  are  also  stable. 

6 .6  Protective  materials 

The  protection  of  strain  gauges  against  environmental  conditions  is  of  great  importance. 
Fuel  and  hydraulic  oils  used  in  an  aircraft  as  well  as  their  vn pours  detrimentally  affect 
strain  gauges  and  adhesives.  Condensed  water  and  ice  change  the  insulation  resistance 
thus  altering  the  measured  result.  Measuring  cables  and  terminals  are  mechanically 
loaded  due  to  vibration. 

Precautions  against  all  these  adverse  effects  have  to  be  taken  as  far  as  possible  by 
using  an  adequate  protective  material. 

Various  protective  materials  such  as  microcrystalline  vax,  vaseline,  greases  etc  that 
are  easy  to  work  can  be  used  for  ground  tests  if  only  small  temperature  deviations  from 
room  temperature  are  likely  to  be  encountered. 
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In  the  case  of  higher  temperatures  between  220K  and  420K,  cement-like  self-adherent  media 
cr  certain  types  of  solvent-diluted  natural  rubber  can  be  used.  Combinations  of  the 
media  stated  can  also  be  used. 

The  combination  of  some  types  of  cement  with  A1  foil  has  also  proved  quite  successful 
for  ground  tests.  Subsequent  to  bonding  and  connection  of  a strain  gauge,  the  latter 
is  covered  by  a layer  of  cement.  Then  the  A1  foil  is  placed  and  pressed  on  to  the 
self-adherent  cement. 

However,  none  of  the  procedures  stated  is  suitable  for  long-term  flight  measurement. 

In  this  case,  silicone  resins  should  be  used.  Only  resins  that  contain  no  acid 
solvents  may  be  used  to  ensure  they  have  no  corrosive  effect  on  the  contact  surface. 

As  with  other  media,  the  strain  gauge,  soldering  terminals,  connecting  cables  and  a 
certain  area  surrounding  the  strain  gauge  have  to  be  thoroughly  cleaned  prior  to  applying 
a primer  coat  to  the  measuring  point. 

Teflon  cables,  moreover,  have  to  be  prepared  for  bonding  by  means  of  an  etchant. 

After  curing  of  the  primer,  the  silicone  resin  can  be  applied  to  the  measuring 
point.  Under  the  influence  of  air  humidity,  the  resin  is  cured  forming  a rubber-like 
mass  which  is  resistant  to  various  solvents,  water  and  mechanical  loads. 

Other  methods  have  to  be  used  for  measurements  in  fuel  tanks  or  under  the  influence  of 
SKYDROL.  The  silicone  resins  suggested  suell  if  affected  by  fuel  or  SKYDROL  thus 
destroying  wiring  and  strain  gauge.  Furthermore  the  primers  will  be  dissolved. 

Even  another  protective  layer  on  top  of  the  silicone  resin  will  be  ineffective.  Small 
fuel  quantities  can  diffuse  through  nearly  all  resins  and  any  riveted  Joint.  The 
swelling  of  the  silicone  layer  results  in  a destruction  of  the  upper  protective  layer 
and  thus  a destruction  of  the  measuring  point. 

The  period  between  installation  and  destruction  is  very  large  and  may  extend  over  several 
years.  For  this  reason,  prelir  .nary  tests  are  very  time-consuming  if  they  are  to  give 
accurate  information  on  the  qua. lty  of  the  protection.  Preliminary  tests  covering  only 
a few  months  do  not  give  sufficient  evidence. 

Tank  sealing  media  can  be  used  as  protective  materials.  These  media  are  resistant  to 
fuel  and  do  not  swell.  It  is  essential  that  strain  gauges  and  adhesives  are  not 

affected  either  by  the  cured  or  by  the  uncured  protective  material.  Furthermore, 
strain  gauges  and  adhesives  should  not  be  affected  even  by  small  fuel  quantities. 

Similar  requirements  apply  to  measuring  points  having  contact  with  SKYDROL.  Here  too 
silicone  should  not  be  used.  However,  the  fuel-resistant  materials  suggested  above 
are  not  resistant  to  SKYDROL  either.  They  have  to  be  protected  by  an  additional 
layer  of  NYCOTE  protective  coating  type  7-11  or  PN1005  of  PRC.  The  first  protective 

layer  has  to  be  completely  covered  by  this  additional  layer  with  sufficient  overlapping 
the  latter  at  the  edges. 

6 . 7 General  instructions 

The  handling  of  strain  gauges  during  application  has  been  covered  in  detail  in  the 
references  (manufacturers  documents).  Nevertheless,  the  basic  facts  will  be  described 
('gain  at  this  point. 

The  best  positioning  accuracy  can  be  obtained  by  securing  the  strain  gauge  to  the  bonding 
surface  with  adhesive  tape  such  as  scotch  tape,  subsequent  to  its  preparation  (degreasing 
and  neutralizing).  It  is  advisable  to  fix  the  solder  terminal  to  the  same  adhesive  tape. 

Now  it  is  possible  to  accurately  position  the  strain  gauge  on  the  measuring  point  without 
having  to  touch  the  former  and  to  fix  it  provisionally  by  means  of  the  scotch  tape.  The 
adhesive  tape  can  be  removed  from  the  component  as  often  as  necessary  to  correct  the 
strain  gauge  alignment  until  the  proper  position  has  been  found. 

Then  one  side  of  the  adhesive  tape  is  again  detached  and  the  strain  gauge/adhesive  tape 
combination  folded  back  in  a longitudinal  direction  so  that  the  bonding  surfaces  of  strain 
gauge  and  soldering  terminal  are  turned  upwards.  Using  the  relevant  instructions,  the 
strain  gauge  and/or  bonding  surface  are  then  coated  with  adhesive  whereupon  the  adhesive 
tape  with  strain  gauge  and  soldering  terminal  is  folded  down  and  pressed  on  to  the 
bonding  surface.  During  the  subsequent  curing  operation,  the  adhesive  tape  prevents 
slipping  of  the  strain  gauge. 

In  the  case  of  fast-setting  adhesives,  it  is  sufficient  to  press  the  strain  gauge  with  the 
thumb  for  some  minutes  to  the  bonding  surfaces.  It  is  recommended  first  to  exert 
pressure  on  the  centre  of  the  strain  gauge  and  then  to  press  out  excessive  adhesive  from 
below  the  strain  gauge  by  rolling  the  thumb  along  the  gauge.  It  is  advisable  to  use 
teflon  foil  placed  above  the  adhesive  tape  as  an  intermediate  layer. 

If  longer  curing  periods  are  required,  the  strain  gauge  has  to  be  held  by  G clamps, 
spring  clips,  weight-loading  or  similar  devices.  In  the  case  of  artificial  curing  it 
has  to  be  ensured  that  the  contact  pressure  is  neither  too  low  nor  too  high  even  at 
elevated  temperatures.  In  this  case,  the  use  of  G clamps  is  excluded. 
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In  order  to  obtain  a uniform  loading,  tbe  strain  gauge  should  be  covered  with  a rubber 
cushion  above  which  a metal  plate  is  placed.  After  the  adhesive  has  been  ;ured,  the 
clamping  devices  and  adhesive  tapes  can  be  removed. 

Prior  to  connecting  the  measuring  cables,  visual  inspections  as  well  as  measurements  of 
the  strain  gauge  resistance  and  of  the  insulation  resistance  should  be  performed. 

After  connection  to  a sensitive  measuring  device  (strain  gauge  measuring  bridge)  even 
the  bonding  can  be  tested  by  simple  means.  The  measured  value  is  recorded,  then  an 
eraser  is  pressed  on  to  tbe  measuring  grid  and  the  value  read  again.  In  the  case  of 
large  deviations  it  has  to  be  assumed  that  an  air  bubble  is  enclosed  below  the  strain 
gauge.  If  so,  the  strain  gauge  has  to  be  removed  and  a new  one  applied. 

The  example  given  in  Chapter  9 illustrates  how  several  strain  gauges  can  be  applied  at 
the  same  time  if  slow  curing  adhesives  are  used.  In  the  case  of  fast-setting  adhesives 
however  this  procedure  cannot  be  used. 

Care  has  to  be  taken  when  marking  the  measuring  position.  A hard  pencil  or  even  a 
scriber  should  not  be  used  in  order  not  to  damage  the  surface  (notch  effect).  If 
strain  gauges  are  to  be  bonded  to  sheet  metal  in  positions  exactly  facing  each  other 
(Section  7.12),  the  dimension  should  be  referred  to  the  component  edges  etc.  If  this 
is  impossible  (e.g.  in  the  case  of  riveted  joints),  a pointed  magnet  on  one  side  and  a 
thin  steel  needle  or  small  steel  ball  on  the  other  side  of  the  sheet  metal  can  be  used 
to  obtain  exact  reference  lines. 

Strain  gauges  for  long-term  measurements  should  not  be  installed  too  close  to  rivet 
holes.  The  irregular  strain  distributions  prevailing  in  this  case  may  result  in  a 
local  excessive  loading  of  the  measuring  grid.  Furthermore,  small  quantities  of  water 
and  fuel  may  penetrate  through  the  rivet  holes  to  the  strain  gauge  and  destroy  the 
measuring  point.  Here  even  the  best  and  most  expensive  protecting  procedures  will  be 
ineffective  as  no  rivet  can  be  considered  absolutely  leakproof. 

If  measurements  are  performed  in  fuel  tanks,  the  voltage  supply  of  the  strain  gauge 
should  include  a power  limitation.  If  individual  measuring  bridges  are  damaged  in 
spite  of  efficient  insulation  and  protection  (visual  inspection  of  the  measuring  points 
in  the  tank  is  seldom  possible  and  then  only  under  adverse  conditions),  it  is  possible 
that  in  certain  cases  short  circuits  and  thus  sparking  will  occur  leading  to  the  danger 
of  explosions  if  the  tanks  are  empty  (saturated  air/fuel  mixture).  This  can  be 
prevented  by  a properly  adjusted  power  limitation.  (Refs  ( 1 ) . ( 7 ) ) . 


7.0  STRAIN  GAUGES  FOR  SPECIAL  APPLICATION 

The  previous  chapters  have  only  dealt  with  descriptions  of  the  function  and  application 
of  uniaxial  strain  gauges.  Quite  often,  however,  it  is  impossible  to  obtain  a suff- 
iciently accurate  measurement  of  the  strain  or  stress  conditions  prevailing  on  a 
component  by  means  of  uniaxial  strain  gauges,  Special  measures  have  to  be  taken  to 
determine,  process  and  interpret  the  values  to  be  measured  properly.  The  various 
possibilities  are  described  in  the  following  sections. 

7 . 1 Measurement  of  multi-axial  strain  conditions  and  the  determination  of  mechanical 
stress  conditions 


In  the  case  of  multi-axially  stressed  components  the  measurement  of  strain  in  only  one 
direction  is  inadequate.  Generally,  the  principal  stresses  and  thus  the  magnitude  and 
direction  of  the  maximum  shear  stress  have  to  be  determined  for  these  components.  It 
is,  of  course,  impossible  to  measure  a triaxial  state  of  strain  ir)  metallic  components 
by  means  of  strain  gauges  as  this  state  only  occurs  within  the  component  whereas  strain 
gauges  can  only  measure  .surface  strains.  So  tin-  triaxial  state  will  be  neglected  in 
the  following  as  it  is  not  consistent  with  experimental  stress  analyst's.  It  should  he 
pointed  out,  however,  that  according  to  equal  ion  (2. 1-1(1)  ( Sect  inn  2 . 1 . 1 . •!  ) a third 
calculable  strain  component  occurs  at  a biaxial  state  <>l  stress. 


Fortunately,  the  biaxial  state  of  stress  on  the  component  surface  is  easy  to  determine. 
For  this  purpose,  strain  gauge  rosettes  of  various  configurations  and  types  are  available 
They  consist  of  two  or  three  individual  strain  gauges  arranged  on  a common  supporting 
material  with  various  relative  orientations.  The  function  of  these  individual  strain 
gauges  complies  with  the  information  given  earlier,  the  difference  consisting  solely 
in  the  assessment  of  the  importance  of  the  relations  between  the  individual  strains. 

Each  user  can,  of  course,  produce  his  own  rosettes  by  the  application  of  two  or  three 
single  strain  gauges.  However,  cot.mercial  rosettes  should  always  be  given  preference 
to  self-made  rosettes.  The  angles  between  the  individual  grids  have  to  be  exactly 
observed  and  the  individual  grids  should  be  as  close  to  each  other  as  possible  to  obtain 
a sufficiently  accurate  measurement  especially  in  areas  with  large  strain  gradients. 

The  price  difference  (e.g.  a triaxial  rosette  is  typically  1.5  times  as  expensive  as 
three  single  strain  gauges)  is  offset  by  the  reduced  effort  required  in  bonding  the 
rosettes.  Generally,  three  steps  are  required  for  three  single  strain  gauges  whereas 
the  rosettes  are  aoplied  in  one  step.  In  addition,  the  angle  between  individual  gauges 
must  be  accurately  determined  while  in  the  triaxial  rosette  these  are  already  fixed 
and  defined. 
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7.1.1  Triaxial  rosettes 

In  general,  it  can  be  assumed  that  the  principal  strain  directions  are  only  known  for  a 
few  components.  Thus,  for  example,  control  linkages  are  only  loaded  with  tensile  or 
compressive  forces  so  that  in  this  case  a uniaxial  state  of  stress  with  known  principal 
directions  prevails.  Torque  shafts  and  to  some  extent  also  wing  and  tail  spar  webs 
are  only  shear-stressed  by  torsional  moments  and  shearing  forces  respectively.  Also 
in  this  case  the  principal  directions  are  known.  Host  other  component  surfaces  however 
always  show  biaxial  states  of  stress  with  unknown  principal  directions.  The  determ- 
mination  of  the  principal  strains  by  magnitude  and  direction  can  be  performed  by  means 
of  the  triaxial  rosettes  already  mentioned  of  which  two  different  configurations  are 
considered  here:  the  0°/45°/90°  rosette  and  the  0°/60°/120  rosette  (see  Fig  7.1-1). 

Both  rosettes  function  according  to  the  same  principle.  The  strains  in  three  known 
directions  are  measured  and  from  this  the  principal  stresses  are  calculated  by  magnitude 
and  direction. 


Both  types  of  rosettes  show  the  same  absolute  result,  neither  being  superior  to  the  other. 
Manual  evaluation  of  the  0/45/90  rosette  outputs  requires  slightly  less  effort  than  for 
the  0/60/120  rosette.  However  with  modern  computer  data  reduction,  this  superiority 
is  relatively  unimportant. 

It  is,  of  course,  possible  to  determine  the  principal  stresses  by  magnitude  and  direction 
from  any  combination  of  angles.  However,  the  derivation  of  a general  calculating  method 
would  exceed  the  scope  of  this  report.  Therefore,  only  the  two  types  already  mentioned 
will  be  considered  in  the  following  discussions. 

For  this  evaluation  of  rosettes  the  following  definitions  are  used: 

. the  three  rosette  legs  are  identified  by  'a',  'b'  and  'c'; 

. the  'sense  of  rotation'  of  the  legs  is  positive  in  a mathematical  sense 

(counter-clockwise)  as  per  type  A (Fig  7.1-1)  for  the  0/45/90  rosette  and 
type  D for  the  0/60/120  rosette. 

, Types  B and  C correspond  to  type  A as  only  the  direction  but  not  the  sense  (sign) 
of  the  strain  measured  depends  on  the  measuring  grid  arrangement.  The  same 
applies  to  types  E to  G which  are  variations  of  type  D; 

. the  location  of  the  largest  principal  stress  oj,  with  regard  to  the  rosette  leg 
a is  defined  by  angle  a,  the  sense  of  rotation,  starting  from  a,  is  also  positive 
in  a mathematical  3ense 

a may  be  defined  by  0°  ^ a < 180° 

These  definitions  are  extremely  important  for  the  assessment  of  rosettes.  Accurate 
measured  results  with  the  formulae  developed  below  can  be  expected  only  if  the  definitions 
are  carefully  observed.  If  slightly  different  formulae  are  stated  in  the  referenced 
literature  this  only  means  that  different  definitions  have  been  used.  The  respective 
relations  apply  if  the  definitions  indicated  are  observed.  Furthermore,  this  analysis 
is  also  referenced  again  to  the  relations  prevailing  at  a biaxial  state  of  stress 
(Mohr's  circle  for  stress  and  deformation,  Section  2. 1.1. 4,  2.1. 1.5). 

As  the  evaluation  of  both  types  of  rosette  is  based  on  the  laws  described  by  Mohr,  it  is 
extremely  important  to  understand  these  laws. 


While  the  mathematical  analysis  of  the  biaxial  state  of  stress  has  been  described  in  Sect- 
ion 2. 2. 1.4  taking  the  principal  stress  directions  as  a basis,  the  following  consideration 
is  made  under  the  aspect  of  experimental  stress  analysis  where  the  directions  of  the 
individual  strain  gauges  serve  as  reference  systems.  Then  the  actual  direction  of  the 
principal  stresses  has  to  be  determined  from  the  measured  outputs  of  the  three  individual 
strain  gauges. 


It  appears  necessary  to  deal  with  this  derivation  in  some  detail  to  illustrate  that  the 
origin  of  these  correlations  (which  are  very  important  for  practical  applications)  are 
independent  of  a mere  tabulation.  For  in  practice  serious  errors  repeatedly  occur 
caused  by  a lack  of  knowledge  and  wrong  application  of  the  boundary  conditions. 

7. 1.1.1.  0o/45o/90°  rosettes 


The  formulae  required  for  the  assessment  of  rosettes  can  be  derived  from  the 
of  the  deformation  circle.  As  defined  above,  the  strain  c&  is  measured  for 

direction  'a' (a  = 0°),  strain  eb  is  measured  at  45°  (mathematically  positive 
and  strain  ec  at  90°,  subsequent  to  the  applicatior  of  rosettes. 


relat ions 
the  reference 

rotation ) 


The  following  derivation  is  used  to  determine  the  direction  a as  well  as  the  values  of 
the  principal  strains  and  principal  stresses  from  the  measured  quantities. 


Fig  7.1-2  shows  a 0°/45°/90o  rosette;  the  associated  deformation  circle  for  assumed 

values  of  c , c,  and  e is  also  shown, 
a b c 
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Fig  7.1-2  illustrates  that 


a 

£b 

£c 
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2a 

2 

2 

cos 

f4  " 
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2 

(7.1-1) 

(7.1-2) 

(7.1-3 

(7.1-4) 


is  the  e -coordinate  of  the  centre  of  the  circle  and 


/( e- 1.  ) ^ + (l.-l 

* / — ~ — 2 " — 


(7.1-5) 


is  the  radius  of  the  circle. 

Now  it  is  possible  to  determine  the  reference  angle.  From  equation  (7.1-2)  it  follows 
that 


r>sin  2a  * m 


£a+ec 


(7.1-6) 


and  (7.1-1)  results  in 


r*cos  2a  ■ c - id  - e„  - 

a a 


c +e 

a c 


(7.1-7) 


After  dividing  equation(7.1-7)by  equation( 7 . 1-6) using  the  relation  ■ tan 

it  follows  that 

tan  2a 


£b-in  £b  “ 


c +c 

a c 


£a  " 


c»t 

a c 


(7.1-8) 


or 


tan  2a  ■ 


2 £b  ~ (£a^£c) 
£a  “ cc 


(7.1-9) 


Angle  a is  thuB 
_ 1 


arc  tan 


2 £b  " 


£a  ~ ec 


(7.1-10) 


giving  the  location  of  the  largest  principal  strain  C]  with  regard  to  leg  "a”  of  the 
rosette.  As  e2  is  always  acting  perpendicular  to  cj,  the  location  of  the  smallest 
principal  strain  c2  is  determined  too. 

As  defined  above,  however,  the  reference  angle  a may  become  0°  _<  a < 180°  which  means 
that  formula  (7.1-10)  is  not  yet  definite.  For  a definite  determination  of  a the  signs 
for  numerator  and  denominator  must  be  considered  for  the  quotient  which  is  an  argument 
of  the  tangent. 

a « j arc  tan  (7.1-11) 

Z - 2 tfa  - (ca  + cc)  (7.1-12) 

N - ca  - ec  (7.1-13) 

Table  7.1-1  shows  the  assignment  of  the  different  sign  variations  to  angle  a which  is 
thus  definitely  determined.  Now  the  directions  of  cj  and  c2  determined  by  reference 
angle  a can  be  added  to  Fig  7.1-2  according  to  the  above  definition. 


Table  7.1-1:  Assignment  of  the  signs  of  numerator  Z and  denominator  N 

(formulae  (7.1-11)  and  (7.1-51))  to  reference  angle  a. 


The  parameters  and  c2  are  determined  from  the  relevant  directions.  According  to 
Fig  7.1-2 


c l « m + r and  t2  ■ m - r 

From  (7.1-1)  it  follows  that 
c _ - m 

M m a 

COS  iiu 

If  this  equation  is  substituted  in  (7,1-14)  then 


„ . - m 
" m + and  m " £55"^ 


- m 


After  substitution  of  (7.1-4)  the  relations  for  the  principal  strains  are 

1 a ~ ‘c 

COS  2s» 


£,  ■*•  t C-C  C+C 

a c . a i „_j  _ a c 

ttnd  5 


cos 


(7.1-14) 


( 7.1-15) 


(7.1-16) 


(7.1-17) 


A second  approach  is  also  possible.  It  yields  the  same  results  for  i]  und  i;>;  however, 
the  function  of  angles  cos  2a  has  been  eliminated  permitting  the  calculation  of  »|  and  c 2 
even  with  a ■ 45°  and  a u 135°.  (cos  2a  » cos  90°  » cos  270°  ■ 0) 

(7.1-14)  is  again  taken  as  a basis. 

From  (7.1-2)  it  follows  that 
cb  - m 

sin  2a  - — (7.1-18) 

and  using  the  auxiliary  equation 


cos  2u 
this  results 

cos  2a 


* Jl  - sin22« 
in 


If  this  equation  is  substituted  in  (7.1-1)  then 

fa  - m +J  r2  - ( b - m)2 

and  after  substitution  of(7.1-4)the  radius  of  the  circle  for  strain  will  be 


> & 
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(7.1-19) 


(7.1-20) 


r 


(7.1-21 ) 
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If  (7.1-21)  and  (7.1-4)  are  substituted  in  (7.1-14),  the  principal  strains  are  as 
follows 


T 

t.  ♦ t 


£a  " lb)2+  <£b  " ‘c>2 


- * c I / 

2 5 /5  y(c a " cb>24  <£b  " £c)2 


(7.1-22) 


The  principal  strains  of  the  plane  strain  state  and  the  directions  are  found  in 
equations  (7.1-10),  (7.1-17)  and  (7.1-22).  Now  only  the  principal  stresses  remain  to 
be  determined. 

As  the  principal  strains  and  their  directions  are  known  and  as  the  directions  of  principal 
■trains  and  principal  stresses  are  identical,  Hooke's  law  can  be  used  to  determine  the 
principal  stresses: 


i-u 


(tj  ♦ yc2) 

( * 2 “ M*l) 


(7.1-23) 


(7.1-24) 


Substituting  (7.1-17)  in  (7.1-23)  and  in  (7.1-24)  results  in  the  following  relation 


012“  E 


£ „ + e„  e_  - c.  1 

a c . a c 

ifi-M  ) - 2(  l'+u  )cos  '2aj 


(+  for  o i , - for  o 2 ) (7.1-26) 


If  the  result  (7.1-22)  is  substituted  in  (7.1-23)  and  (7.1-24),  then  the  relations  for  the 
principal  stresses  are 

•/“.  - ‘»)!  * ui>  - ‘o'1  <7-'-a6) 

(+  for  oi , - for  o 2 ) 

Furthermore,  the  diameter  of  llohr's  circle  for  deformation  corresponds  to  the  maximum 
■hear  deformation 


2r  ■ 7 i 2 “ Y max 


T m 


If  (7.1-16)  is  substituted  in  (7.1-27)  then 


(7.1-27) 

(7.1-28) 

(7.1-29) 


Inclusion  of  (7.1-4)  results  in 
t.  - e. 


1,2- 


~a  c 

cos  Ua 


If  (7.1-21)  is  applied,  (7.1-27)  will  change  to 
ri,2“  SH  v/(*a  " £b)2  * (£b  " £c)2 

Considering  (2.1-6)  and  (2,1-7)  the  maximum  shear  stress  from  (7.1-30)  will  be 

_ „ £a  - £c  _ 

Tmax  h T(T+U')coTTJ  S~ 


or  from  (7.1-31) 


coax 


/ 2 
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(7.1-30) 


(7.1-31) 


(7.1-32) 


(7.1-33) 


This  comprises  the  derivations  for  the  0°/4&°/90°  rosette.  The  most  important  formulae 
have  been  summarized  in  Table  7.1-2. 


References:  (8),  (12). 
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7. 1.1. a 0°/60o/120o  rosettes 

As  in  the  case  of  the  0°/45o/90°  rosette,  here  too  the  necessary  formulae  can  be  derived 
from  the  geometric  relations  of  Mohr's  circle  for  doformation.  As  defined  above, 

Strain  ta  is  measured  in  the  direction  'a'  (a  - 0°),  strain  eb  at  60°  (mathematically 

positive  rotation)  in  direction  'b'  and  c at  120°  in  direction  'c'. 

c 

Figure  7.1-3  shows  0°/60°/120u  rosette  and  the  applicable  circle  of  strain  for  the 

assumed  measured  values  of  e_,  e.  and  e 

a'  b c 

Figure  7.1-3  illustrates  that: 
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Furthermore 

We0  + 

■ 3 2 

(7.1-37) 

These  are  the  basic  equations  from  which  the  relation  for  the  reference  angle  can  be 
derived. 


Using  the  auxiliary  equation 

cos(a-B)  - cos  a cos  6 + sin  a sin  8 
then  (7.1-35)  is 

“ m + r(cos  120°  cos  2a  + sin  120°  sin  2a) 
and  (7.1-36)  is 

« m - r(oos  60°  cos  2a  + sin  60°  sin  2a) 

Using  the  additional  auxiliary  relations 
tan  2a 


and 


sin  2a 
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then  the  relations  (7.1-34)  to  (7,1-36)  are 
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Equating  (7.1-46)  and  (7.1-47)  results  in 
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and,  after  having  substituted  (7.1-37),  tbe  relation  for  the  reference  angle  a Is 


tan  2a  •* 


hence 


. 1 +.„/3r  (tb'tc) 

a “ -j  arc  tan  


*a”cb“ec 


(7.1-49) 


(7.1-50) 


Its  magnitude  having  to  be  determined  from  (7.1-50)  analogous  to  the  0°/45°/90°  rosette 
by  considering  tbe  signs  of  numerator  A and  denominator  N: 


1 z 

a - •j  arc  tan  ^ 


2 -/3  (tfa  - cc) 


(7.1-51) 

(7.1-52) 

(7.1-53) 


For  this  purpose  Table  7.1-1  should  be  used  which  applies  not  only  to  the  0°/45°/90° 
rosette  but  also  to  tbe  0°/60°/120°  rosette. 

After  having  determined  a,  the  principal  directions  1 and  2 can  be  entered  Into  Fig  7.1-3 
taking  Into  consideration  the  above  stated  definitions;  direction  1 should  be  entered 
at  an  angle  a,  (proceeding  from  a mathematically  positive  rotation),  direction  2 at 
a + 90°. 


Now  the  principal  strains  t\  and  e 2 can  be  determined.  Fig  7.1-3  shows  that 
e l -m+r,  C2“m-r 
From  (7.1-34)  it  follows  that 


«a  - m 


cos  2a 

If  this  term  is  substituted  in  (7.1-54)  then 


*1 


ca  - 


ca  - * 


" coSTa 


c o s "2  a 

After  substitution  of  (7.1-37),  the  relations  for  the  principal  strains  are 


1 1 2 


ca  4 *b  * cc  . 2>:a  ~ £b  ~ Cc 
3 - 3 cos  2a  " 


( + for  1 1 , - for  *2 ) 


(7.1-54) 


(7.1-55) 


(7.1-66) 


(7.1-57) 


Here,  too,  a second  approach  will  be  adopted  which  evades  the  function  of  angles  cos  2a 
so  that  a calculation  is  possible  evon  it  o « 45°  and  a * 135°. 


From  (7.1-34)  it  follows  that 

r “ (ca  - m)  fl  * tan22a 
If  (7.1-49)  is  substituted,  then 

r 


* y/(ta  - m)2  + 


(7.1-58) 


(7.1-59) 


and  if  (7.1-37)  is  substituted  the  relation  for  the  radius  of  the  circle  of  strain  is 

(7.1-60) 


-/ 


(2c  - - Oj  1 

& b £_  + 1 ( _ )2 

9 3 ' b c; 


■ ■=  /c  ♦ C , ^ + — tc.—  C€  - 

3 w a b c ah  ac 


b c 


If  (7  l-37)and  (7. 1-60  )are  substituted  in( 7. 1-54  ), then 

2 


e 1 » 2 


c„  + c.  + c 
a b c 


± U- 


* + E. 


ca£b  " cacc 


LbEc 


(7.1-61) 


(♦  for  cj. 


- for  c2) 
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These  are  the  formulae  for  the  determination  of  the  principal  strains.  Now  the 
formulae  (7.1-57)  or  (7.1-61)  can  be  substituted  in  the  equations  of  Hooke's  law 
(7.1-23)  and  (7.1-24)  resulting  in  the  formulae  of  the  principal  stresses. 


From  (7.1-57)  it  follows  that 
oi 


Te „ + eK  ♦ c„  2e _ — e.  — c 

2 _ r a b c a b c 

’ 1— u ) — 3(l+y)cos  2a 


(•*■  for  oi,  - for  02)  (7.1-62) 


then  (7.1-61)  is 

°1.2  . ® 

l-u 


€_  ♦ £w  + C 

a d 


c j 2E  / 5 , 5 . j 

" i.  Wttl  v/Ea  + Eb  + Ec  - Ea 


E-Eb  ~EaEc  _EbEc  <7-1-63) 


As  already  described  in  Section  7. 1.1.1,  the  diameter  of  Uohr's  circle  for  deformation, 
2 r,  is  equal  to  the  maximum  shear  deformation.  Formulae  (7.1-27)  and  (7.1-28)  apply. 


Having  substituted  (7.1-55)  in  (7.1-27)  then 

- 2 “ 

Y 1 2 cos  2a 

* 

and  having  substituted  (7.1-37)  then 

c 


1(2  " ^ 


2 2ca  " Eb 


cos  ~2a 

Substituting  (7.1-60)  in  (7.1-27)  results  in 
Y 


1 2 


v /t  ^ 4*  e.  ^ + e ^ 
Jr»  b c 


E _ £ . - E . C _ - E,  E .. 

a b a c be 


(7.1-64) 


(7.1-65) 


(7.1-66) 


Using  (2.1-6)  and  (2.1-7)  the  maximum  shear  stress  from  (7.1-29)  will  be 

0 1+  °2 


L 


2eu  - Eb  - ec 


'max  “ 3(l+u)  cos  2« 
or  from (7. 1-66  ) 

■J 


2E 


max  ■ 3n^TV/Ea2+  Eb2*  E 2“E 


C„‘-E„tK  —EE  -CKE„ 

c a b a c be 


(7.1-67) 


(7.1-68) 


Thus  the  derivations  for  the  0°/60°/120°  rosette  are  also  defined.  The  most  important 
formulae  for  this  type  of  rosette  have  been  summarised  in  Table  7.1-2), 

References : (8) , (12) 

7.1.2  Biaxial  rosettes 

If  the  directions  of  the  principal  stresses  of  a component  are  known,  then  the  magnitude 
of  the  principal  stresses  and  the  maximum  shear  stress  can  be  determined  by  means  of  bi- 
axial rosettes  (90  rosottes).  The  directions  of  the  principal  stresses  might  be  seen 
from  the  component  type  or  from  the  type  of  load;  they  can  also  be  determined  for  example 
by  means  of  preliminary  tests  using  brittle  varnish  (refer  to  Section  1.3). 

In  this  case  a 90°  rosette  is  applied  so  that  one  strain  gauge  'a'  is  parallel  to  the 
direction  of  the  largest  principal  stress  and  one  strain  gauge  'c'  is  parallel  to  the 
direction  of  the  smallest  principal  stress  (90  from  'a').  The  reference  angle  a of 
Section  7. 1.1.1  is  now  0°.  With  this  strain  gauge  combination  the  strains  ta  and  cQ 
are  the  same  as  the  strains  ej  and  C2. 

Thus  the  formulae  of  Hooke's  law  for  the  plane  state  of  stress  (7.1-23)  and  (7.1-24) 
can  be  directly  applied  to  determine  the  magnitude  of  the  principal  stresses. 

Fig  7.1-4A  to  C,  shows  various  types  of  biaxial  rosettes. 

The  determination  of  the  shear  deformation  is  also  quite  simple  since  the  diameter  of 
the  circle  of  strain,  2r,  is  equal  to  the  maximum  shear  deformation, 


Y 


2 


- 21- 


El-  e2 


(7.1-69) 


Thus  the  maximum  shear  stress  can  be  calculated  by  means  of  the  formulae  (2.1-6)  and 
(2.1-7) 


Tmax 


2(lM 


(7.1-70) 


Reference:  (8). 


Table  7.1-2:  Summary  of  the  most  important  evaluation  formulae  for  triaxial  rosettes  (refer  definitions  on  page  46) 


2(l+p ) 
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7.1.3  Shear  stress  measurements  with  90  rosettes 

Section  7.1.2  describes  the  evaluation  of  biaxial  rosettes  if  stresses  and  shear  stresses 
are  to  be  determined.  In  that  case  both  rosette  legs  had  to  be  considered  as  independent 
strain  pick-ups.  Sometimes,  however,  only  the  shear  stress  is  important,  for  instance 
on  wing  and  tail  spar  webs  that  can  be  considered,  in  a sense,  as  pure  shear  panels. 

Now,  a strain  gauge  cannot  be  used  for  the  direct  measurement  of  shear  deformation  as  it 
only  responds  to  normal  strains  but  not  to  shear  deformation.  On  the  other  hand,  there 
exists  a defined  correlation  between  shear  deformation  and  normal  strain  due  to  the  laws 
of  elasticity. 

It  is  therefore  possible  to  obtain  a signal  directly  proportional  to  the  shear  stress  by 
proper  interconnection  of  two  or  four  strain  gauges  in  one  Wheatstone  bridge.  Referring 
to  Section  7.1.2,  the  attempt  must  be  made  to  measure  the  term  (ea~ec)  in  formula 

(7.1-70)  directly.  This  is  possible  by  interconnecting  the  strain  gauges  'a'  and  'c' 
of  a 90  rosette  to  a semi -bridge  as  shown  in  Fig  7.1-5A.  Then  the  bridge  output  voltage 
u is  directly  proportional  to  the  term  (ea_ec)  so  that 


m G»U  «C  m 

ID 


(7.1-71) 


With  Um.C  - ea 


ca  - Cl  and  cb  - e2,  then  Tac 


The  measured  signal  and  thus  the  sensitivity  is  doubled  if  a "shear  rosette"  or"full- 
bridge  rosette"  according  to  Fig  7.1-4D  is  used  and  if  the  four  strain  gauges  of  this 
rosette  are  interconnected  to  a full-bridge  as  per  Fig  7.1-5B.  Here,  the  measuring 
voltage  corresponds  to  the  term 


ra,c  ” E*  4(l+y) 


\ G*VC  " J 


( 7. 1t72) 


where 


ek  + E„ 

b c 


If  «a  “ ec  - E iand  ^ - ed  - c2,  then 
Reference:  (16), 

7.1.4  Boundary  conditions  for  the  application  of  rosettes 


The  formulae  stated  in  Sections  7.1.1  to  7.1.3  only  apply  to  a homogeneous  isotropic 
material  (equal  modulus  of  elasticity  and  equal  transverse  contraction  in  any  direction) 
and  only  in  the  range  of  Hooke's  law.  These  formulae  cannot  be  used  either  for  plastic 
materials  or  for  anisotropic,  inhomogeneous  materials  such  as  fibre-reinforced  materials 
(refer  to  Section  7.13).  In  the  latter  case,  other  complex  considerations  are  generally 
necessary  for  the  determination  of  principal  strains  and  stresses. 

7.1.5  Error  estimations  for  measurements  with  strain  gauge  rosettes 


Even  if  all  instructions  given  until  now  are  carefully  observed,  considerable  errors  may 
occur  during  measurements  with  strain  gauge  rosettes.  Three  main  groups  can  be 
distinguished: 

. insufficient  knowledge  of  the  material  constants 

. orientation  errors  (also  mounting  errors) 

. systematic  errors 

Their  effect  on  the  measured  result  will  be  explained  below,  proceeding  in  each  case  from 
the  occurrence  of  a single  errov.  In  addition  the  different  errors  can  occur  simultan- 
eously and  cause  large  total  errors. 

7 . 1 . 5 . 1 Errors  of  material  constants 

The  constants  stated  in  the  material  standards  are  generally  used  to  calculate  the 
principal  stresses.  However,  the  values  actually  occurring  may  deviate  considerably 
from  the  standard  values. 


Differences  up  to  +5%  can  be  observed  in  Young's  modulus  of  elasticity.  According  to 
Table  7.1-2,  they  Have  a proportional  effect  on  the  measurement.  In  the  case  of  rolled 
sheet  metals  in  particular  the  moduli  of  elasticity  can  differ  considerably  from  each 
other  in  rolling  direction  and  perpendicular  to  the  same,  thus  also  causing  errors  in 
the  measured  result.  In  this  case  even  the  required  isotropy  mentioned  above  is  no 


longer  net. 


If  accurate  measurements  are  required  it  is  recommended  that  the  material  constants  of 
specimens  taken  from  the  work  piece  should  be  determined. 

Inaccuracies  iu  Poisson's  ratio  have  only  little  effect  (Ref  (32))  which  can  be  seen 
at  once  from  their  occurrence  in  the  equations  summarized  in  Table  7.1-2.  In 

consequence,  no  detailed  description  will  be  given  here. 

7. 1.5. 2 Orientation  errors 


Errors  in  the  orientation  of  the  rosettes  may  result  in  large  errors  in  the  final  result. 
Basically,  this  concerns  of  course  the  biaxial  rosette  for  which  the  knowledge  of  the 
principal  directions  and  the  accurate  arrangement  of  the  measuring  grids  in  these 
directions  is  very  important. 

The  magnitude  of  an  error  for  the  biaxial  rosette  depends  on  two  fa.  tors:  the  deviation 

of  the  measuring  grid  from  the  principal  directions  and  the  ratio  of  the  two  principal 
stresses 

Ra  - (7.1-73) 

The  determination  of  the  shear  stress  t is  affected  only  by  the  deviation  from  the 
Principal  directions. 

According  to  Ref  (33),  the  extent  of  the  errors  occurring  at  various  stresses  can  be 
calculated  by  means  of  the  following  relations 


noi 

■ ^ ,g  (1-cos  23) 
a 

R -1 

100 

{%} 

(7.1-”4) 

aa2 

* ■ /[■ ( 1— cos  2b) 

100 

{%> 

(7.1-75) 

max 

- - (1-cos  2B ) 

100 

{%) 

(7.1-76) 

where  B is  the  deviation  of  the  measuring  grids  from  the  principal  directions. 

An  exhaustive  derivation  of  the  formulae  will  not  be  given  at  this  point;  it  can  be 
taken  from  the  references  if  necessary. 


However,  some  special  cases  will  be  studied  in  detail. 


If  0i  ■ 02  (hollow  sphere  under  internal  pressure),  then  R ■ 1.  In  this  case,  no 
directional  errors  can  be  observed  and  shear  stress  does  n8t  occur. 

A thin-wallod  hollow  cylinder  has  an  internal  pressure  load  oi  **  202,  i.e.  R -2.  The 
relevant  errors  are  shown  in  Fig  7.1-6.  0 

On  a pure  shear  panel  oi  ■ - o2,  thus  R « -1  which  results  in  the  errors  n ■ n » 

Dt.,,1  they  correspond  to  the  representation  of  nT_„_  given  in  Fig  7.1-6. 

Unix  mux 


In  the  case  of  uniaxial  states  of  stress  (o2  ■ 0),  a faulty  arrangement  results  in 
finite  values  for  o2,  i.e.  for  these  stresses  errors  of  unlimited  relative  extent  are 
possible.  It  can  generally  be  said  that  with  R (approximation  to  the  uniaxial  state 
of  stress)  the  relative  error  of  o2  also  approaches  infinity. 


As  the  single  strain  gauge  yields  a mean  value  of  the  strain  underneath  the  active  part 
of  the  measuring  grid  (refer  to  Section  4.12  and  7.2),  even  triaxial  rosettes  can  show 
considerable  arrangement  errors  if  these  rosettes  are  applied  on  areas  with  large  strain 
gradients.  If  the  rosettes  used  are  too  large,  the  measuring  grids  may  cover  areas  of 
different  strain  conditions.  The  resulting  inaccuracies, however, are  difficult  to 
assess  as  they  largely  depend  on  local  conditions. 

Even  if  rosettes  with  measuring  grids  arranged  one  upon  the  other  are  used  as  shown  in 
Fig  7.1-lc  and  g,  a considerable  reduction  of  these  errors  can  hardly  be  expected  sirce 
additional  limitations  have  to  be  accepted.  In  this  case  only  very  low  supply  voltages 
should  be  used  as  otherwise  the  measuring  grids  would  heat  one  another  up.  Furthermore, 
flexural  loads  may  adulterate  the  measured  result  as  the  distance  of  the  individual 
measuring  grids  from  the  work  piece  surface  and  thus  the  flexures  differ.  Finally, 
stiffening  effects  have  to  be  taken  into  consideration  in  particular  with  thin  sheet 
metals  (see  Section  4.10). 


Reference  (33). 


7. 1.5. 3 


Systematic  errors 

Systematic  errors  concerning  measurements  with  single  strain  gauges  have  been  dealt  with 
in  detail  in  Chapter  4.  However,  at  this  point  soma  additional  remarks,  in  particular 
on  the  effects  oi  error  propagation,  have  to  be  made  in  view  of  the  special  character- 
istics of  the  rosette ^ 

Sections  7.1.1  to  7.1.3  indicate  that  the  principal  strains  ej  2 and  t.he  reference 
angle  a depend  on  the  strains  ea  b c measure1.  This  clearly  shows  that  the  errors  made 
during  measurement  of  strains  affect  the  accuracy  of  ^ 2 and  a itfd  thus  of  o;  2. 

t J 

Reference  (32)  proves  that  the  standard  deviations  of  the  principal  strains  St!  and  Se2  for 
the  0°/60  /120°  rosette  are  equal  to  the  standard  deviation  Sr  of  the  measuring  values 
eQ  h „ (assuming  that  Se  “ Se  * Se.  = Se  1.  The  standard  deviation  of  angle  a is  thus 

a U C 

S = /f-^ (7.1-77) 

a V 3 £ x -e  2 

The  relations  of  the  0°/45°/90°  rosette  are  somewhat  more  complicated 


Sex 

Se2 


S 


a 


S£  fl  t sin  2a(sin  2a-l) 
J~T  + sin  2c.(sin  2a  + l) 


£ x-E2 


cos22a 


(7.1-78) 

(7.1-79) 

(7.1-80) 


Unlike  the  0°/60o/120°  rosette,  the  standard  deviations  S^  ^ now  depend  not  only  on  S 

but  also  on  the  angle  of  reference  a.  Table  7.1-3  shows  by  means  of  a numerical  example 

that  ^ or  may  assume  values  up  to  1.73  Sg  depending  on  the  magnitude  of  a. 

In  general , S is  unimportant  as  tne  uncertainty  during  geometrical  measurements 
of  installed  “rosettes  is  usually  larger. 


Very  similar  conditions  to  those  for  S£  apply  for  error  effects  with  regard  to  the 

principal  stresses  Sax  2-  1,2 

» 

The  statements  will  be  explained  by  an  example.  If  a relative  uncertainty 

fo  = fa  100%  (7.1-81) 

0 


is  introduced  where 


S = sta”rtr-"d  deviation 


a = actual  stress 

and  if  th*  following  is  assumed  for  calculation 

Ex  = 1000  ~,  (e2  results  from  the  type  of  the  state  of  stress) 


S 


ra 


. = S 

Eb  eC 


= ±]C^ 


E = 210,000  N/mnr 
u 0.30 

then  the  values  given  in  Table  7.1-3  apply. 


This  shows  that  the  0°/60o/120°  rosette  usually  offers  a greater  measuring  reliability 
than  the  0°/45°/90°  rosette.  Ho^eveg,  i£  the  principal  directions  and  the  exact 
arrangement  are  known,  even  the  0/45^/90°  rosette  may  yield  favourable  results. 


Tf  errors  resulting  from  inaccuracies  of  the  modulus  of  elasticity  are  considered,  the 
differences  between  both  types  of  rosettes  become  less  important  for  the  final  results. 

Moreover,  the  transverse  sensitivity  of  the  single  strain  gauges  is  important  in  the 
i case  of  a multi-axial  state  of  stress.  In  general,  it  is  relatively  small;  however, 

f it  may  cause  considerable  relative  errors  in  the  result  of  the  smaller  one  of  the  two 

i principal  stresses  if  it  is  not  corrected. 

s 


Table  7.1-3:  Standard  deviations  S of  the  principal  strains  q 2 and  the 

principal  stresses  0^2  as  well  as  relative  uncertainty  f 
for  various  states  of  stresses. 


0°/45°/90°  rosette 
(the  values  depend 
on  a ) 

SC1 

(pm/m) 

8.7 

- 17.3 

Sc2 

(wm/m) 

10 

- 17.3 

S 

0 1 

(N /mm1  ) 

2.2 

- 4.0 

s 

oj 

(N /mm?  ) 

2.4 

- 4.0 

At  a 1 
(shear 

= - °2 
panel ) 

f 

Ol 

f°2 

(%) 

(%) 

1.36 

1.49 

-2.51 
- 2.51 

At  0 1 

= 2o2 

foi 

fo2 

(%) 

0.89 

-1.64 

( tank 

wall) 

(%) 

1.94 

-3.30 

At  0 2 

- 0 

fO! 

(%) 

1.05 

-1.93 

(uniaxial  state 
of  stress) 

fo2 

(%) 

-► 

00 

At  0 1 

» 0 2 

f 

01 

f 

02 

(%) 

0.73 

-1.35 

(ball) 

(%) 

0.87 

-0.96 

0°/60o/120°  rosette 
(the  values  are 
independent  of  a) 


Assumptions 


1000  pm/m 
10  pm/m 
210,000  N/mm 
0.30 
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Usually,  the  transverse  sensitivity  on  tiie  strain  gauge  data  sheet  is  identified  by  kt 
given  in  %.  It  represents  the  relationship  between  the  gauge  factor  crosswise  to 
the  grid  direction  kt  (ktransverse^  and  the  ■£au&e  factor  in  grid  direction 
kl  ^axial5 


(7.1-r82) 


Owing  to  the  insignificant  difference,  and  k can  be  equated  as 


applies. 

If  the  transverse  sensitivity  is  q ■ 21  and  if  u ■ 0.3,  the  difference  amounts  to  only 
0.6%,  this  corresponds  to  the  uncertainty  of  the  gauge  factor  itself. 

The  error  acting  on  the  strain  due  to  the  transverse  sensitivity  of  the  single  strain 
gauge  results  from  the  relation 


n 

c 


QCey  +u) 
i- 


(7.1-84) 


or  if  using  the  simplified  equation  stated  under  (7.1-83) 


(7.1-85) 


It  is  now  possible  to  eliminate  the  effects  of  the  transverse  sensitivity  by  calculation. 
Table  7.1-4  shows  the  corresponding  relations  for  biaxial  rosettes. 

The  relations  for  triaxial  rosettes  are  much  more  complicated.  Therefore,  the  indication 

of  corrective  formulae  for  e . is  dispensed  with,  especially  since  in  this  case  the 

a , o , c 

individual  types  of  rosettes  have  to  be  treated  differently. 

The  conditions  are  again  less  complex  if  it  can  be  assumed  that  all  single  strain  gauges 
have  approximately  the  same  transverse  sensitivity.  In  this  case,  the  correction  can 
be  effected  even  after  determination  of  the  principal  strains  by  means  of  the  relations  of 
Table  7.1-4  applicable  for  both  types  of  rosettes. 

References: (5),  (18),  (33),  (52),  (66),  (82). 


7.2  Measurement  of  strain  behaviour  by  means  of  strain  gauge  chains 

On  panels  with  high  strain  gradients,  the  maximum  strain  is  difficult  to  assess  by  single 
strain  gauges  as  the  point  of  maximum  strain  is  generally  not  accurately  known.  When 
applying  a strain  gauge  with  large  grid  length,  emax  is  covered  by  the  gauge;  however, 

the  mean  strain  measured  can  be  far  below  £max  by  the  averaging  effect  resulting  from 

this  length  (strain  gauge  "A"  in  Fig  7.2-1;  refer  also  to  Section  4.12). 

When  using  strain  gauges  with  small  grid  lengths  it  is  very  likely  that  measurements  are 
taken  at  points  far  away  from  e caused  by  a faulty  application  of  the  gauge  (strain 
gauge  "B"  in  Fig  7.2-1). 

Strain  gauge  chains  are  most  suitable  for  the  measurement  of  the  strain  gradients  and  e 
In  that  case,  several  single  strain  gauges  with  accurately  defined  grid  distances  are 
arranged  on  a common  supporting  material.  It  is  now  quite  easy  to  determine  location 
and  magnitude  of  from  the  individual  measured  values  (Fig  7.2-1,  strain  gauge  C.  „ ). 

The  manufacturers  of  strain  gauges  offer  quite  a number  of  different  strain-gauge  chain 
configurations.  Fig  7.2-2  shows  a selection  of  these  types. 

The  measuring  grid  sizes  available  on  the  market  range  from  0.5x0.6mmto4x4  ram; 
the  spacing,  i.e.  the  distance  between  the  individual  measuring  grid  centres,  ranges 
f rom  0.8  to  4 mm , 
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Table  7.1-4:  Corrective  formulae  for  consideration  of  the  transverse 

sensitivities  of  single  strain  gauges  of  rosettes 


Biaxial  rosettes  (equal  transverse  sensitivity  of  both  strain  gauges) 
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Biaxial  rosettes  (different  transverse  sensitivity  of  both  strain  gauges) 
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Triaxial  rosettes  (equal  transverse  sensitivity  of  the  three  strain  gauges) 

(7.1-91) 
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Measurements  can  be  performed  either  in  the  direction  of  the  chain  or  perpendicular  to 
the  direction  of  the  chain  or  alternately  in  both  directions,  the  latter  measurement 
comprising  a chain  of  biaxial  rosettes. 

Apart  from  that  there  are  0°/60°/120°  rosette  chains  with  measuring  grid  sizes  of 
1.2  x 1.2  mm  and  a spacing  of  4 mm. 

Generally,  a chain  onsists  of  10  single  strain  gauges  but  larger  chains  are  also  known. 

A rosette  chain,  however,  never  comprises  more  than  5 rosettes  (i.e.  15  single  strain 
gauges)  on  one  piece  of  supporting  material. 

The  types  of  arrangements  for  connections  are  numerous.  In  most  cases  they  are 
arranged  symmetrically  on  both  sides  of  the  chain,  sometimes  using  a common  connection. 
However,  there  are  chains  having  all  connections  on  one  side. 


Reference  (74). 
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7.3  Strain  gauges  for  flexural  strain  measurements 

If  flexural  strains  are  to  be  measured  on  a component,  strain  gauges  are  generally 
applied  to  both  sides  of  the  component.  If  this  is  impossible  for  spatial  reasons, 
the  flexural  strain  can  be  measured  on  one  side  only  by  bonding  two  strain  gauges  at 
a specified  distance  one  above  the  other.  Such  combinations  of  strain  gauges  arranged 
one  above  the  other  is  available  on  the  market  (Flexa-Gages) . 

If  the  exact  distances  between  the  strain  gauges  and  the  component  thickness  are  known, 
the  component  strain  on  t:ia  side  opposite  the  strain  gauge  can  be  determined  assuming 
a linear  strain  distribution  over  the  entire  cross  section  (Fig  7.3-1). 

However,  using  this  procedure  requires  some  compromises.  First  of  all,  there  is 
the  effect  of  the  relation  of  the  component  thickness  to  the  thickness  of  the  inter- 
mediate supporting  layer.  On  the  one  hand,  the  distance  between  the  two  measuring 
grids  relative  to  the  component  thickness  should  be  very  large  if  the  effect  of  errors 
in  the  determination  of  the  measuring  grid  distance  is  to  be  small.  On  the  other  hand, 
the  intermediate  supporting  layer  should  be  very  thin  to  keep  stiffening  effects  low. 
Furthermore,  the  effect  of  the  modulus  of  elasticity  of  the  intermediate  supporting 
layer  has  to  be  taken  into  consideration.  If  E is  too  large,  a noticeable  stiffening 
of  the  component  occurs  even  with  relatively  thin  intermediate  supporting  layers.  If 
E is  too  small,  transfer  of  the  strain  to  the  upper  strain  gauge  is  insufficient  result- 
ing again  in  def iciencies(see  also  Section  4.10). 

Intermediate  supporting  layer  materials  with  a modulus  of  elasticity  i'rpm  5000  to  15000 
N/mm2  have  proved  most  suitable;  in  the  case  of  A1  and  Ti , E=10000  N/nrinr  should  not  be 
exceeded  because  of  component  stiffening. 

The  thickness  of  the  intermediate  supporting  layer  should  be  about  25%  to  50%  of  the 
component  thickness.  Only  if  it  is  possible  to  accurately  determine  the  distance 
between  the  two  measuring  grids  can  smaller  intermediate  supporting  layer  thicknesses 
below  10%  of  the  component  thickness  be  used. 

The  appropriate  length  of  the  intermediate  supporting  layer  depends  on  the  thickness 
of  the  layer.  Studies  with  a "Pertinax"  intermediate  supporting  layer(E  ^ 15000  N/mm2) 
have  shown  that  the  strain  is  completely  transferred  to  the  upper  strain  gauge  only  after 
a length  corresponding  to  15  to  20  times  the  intermediate  supporting  layer  thickness. 

Thus  the  overall  length  of  the  intermediate  supporting  layer  should  not  be  less  than 
30  to  40  times  the  thickness. 

These  requirements  largely  limit  the  applicability  of  this  procedure. 

At  component  thicknesses  below  1 mm  the  procedure  is  generally  not  applicable  because 
of  excessive  inaccuracy.  On  the  other  hand,  the  intermediate  supporting  layer  length 
will  become  very  large  for  the  abovestated  reasons  at  component  thicknesses  exceeding 
10  mm. 

Pre- fabricated  flexural  strain  gauges  (Flexa-Gages)  cannot  be  used  on  curved  components 
due  to  pre-stress  on  supporting  material  and  strain  gauge. 

Finally,  it  must  be  mentioned  that  this  procedure  is  limited  to  uniaxial  strain  gauges 
or  strain  gauge  chains.  Rosettes  cannot  be  used  due  to  poor  connecting  conditions. 

If  the  procedure  is  used  for  panels  with  high  strain  gradients,  measuring  errors  have 
to  be  expected  in  view  of  the  extended  strain  introduction  distances. 

7.4  Strain  gauges  for  membrane  stress  measurements 

It  is  quite  difficult  to  determine  membrane  stresses  with  the  strain  gauges  described 
up  to  now.  However,  membrane  rosettes  developed  especially  for  this  purpose  are  well 
suited  for  the  assessment  of  specific  stress  and  strain  relations  (Fig  7.4-1), 

Membrane  rosettes  are  almost  exclusively  used  for  the  manufacture  of  transducers, 

(e.g.  pressure  pick-ups,  load  pick-ups);  but  a brief  description  of  them  will  follow 
for  reasons  of  completeness. 

Mostly,  membrane  rosettes  are  designed  as  full-bridge  rosettes  (Fig  7.4-2A).  Four 
active  strain  gauges  are  arranged  on  a common  supporting  material,  two  of  them  are 
located  in  the  centre  of  the  membrane.  They  only  record  the  positive  circular  strain. 
The  other  two  strain  gauges  at  the  membrane  edge  record  the  negative  radial  strain. 

This  arrangement  makes  it  possible  to  obtain  a large  bridge  output  signal  and  this  a 
high  sensitivity  transducer. 

There  are  also  quarter-bridge  membrane  rosettes  (spiral-type  rosettes,  Fig  7.4-2B) 
recording  only  strain  at  the  centre  of  the  membrane. 

Owing  to  the  special  strain  conditions,  both  types  of  rosettes  are  always  designed  for 
a specific  membrane  diameter  which  can  only  be  varied  within  small  tolerances  (i5%). 

Commercial  rosettes  are  available  with  membrane  diameters  from  5 to  %32  mm. 

References;  (6),  (17) 


7.5  Strain  gauges  f or  the  determination  of  residual  stresses 


In  many  components  residual  stresses  are  produced  by  working  processes  such  as  forging, 
rolling,  milling,  sawing,  welding  etc.  In  general,  residual  stresses  can  be  determined 
only  by  means  of  radiography  (Ref  (B4))  or  by  destruction  of  the  component.  Both 
procedures  can  hardly  be  used  for  flight  measuring  techniques.  Nevertheless,  the 
second  procedure  will  be  briefly  described. 

Mathar's  drill-hole  procedure  is  the  one  most  frequently  used.  Here  a drill-hole  rosette 
a 0°/45°/90°  rosette  or  a special  type  of  0°/60°/120°  rosette(Fig  7.5-1)  is  first  applied 
to  a point  where  the  residual  stress  state  is  to  he  measured.  I n the  case  of  sheet 
metals  and  plates  it  is  advisable  to  apply  such  rosettes  to  both  sides  exactly  opposite 
each  other.  The  residual  stresses  are  partly  set  free  by  a hole  drilled  in  the  centre 
of  the  rosette.  Now  the  residual  stresses  can  be  determined  according  to  magnitude  and 
direction  from  the  measured  values  from  the  three  rosette  legs  by  means  of  special 
relations  (Ref  (9)). 

Differences  in  the  measured  values  of  the  two  rosettes  located  opposite  each  other 
indicate  flexural  residual  stresses. 

If,  by  gradual  spot-drilling  of  the  specimen,  the  strains  are  determined  as  a function  of 
the  drill-hole  depth,  it  is  possible  to  define  the  residual  stress  distribution  approx- 
imately over  the  entire  specimen  thickness. 

However,  it  is  impossible  to  eliminate  the  residual  stresses  completely  by  means  of  the 
drill-hole  procedure.  If  a segment  is  cut  from  this  specimen,  the  stresses  are  com- 
pletely eliminated  in  this  part.  The  residual  stresses  can  thus  be  fully  determined 
by  applying  a rosette  prior  to  cutting  and  using  conventional  rosette  evaluation  methods. 
The  larger  hole  diameter  required  is  an  essential  disadvantage  in  using  this  procedure 
compared  with  the  drill-hole  procedure. 

Other  known  procedures  (boring-bending  procedure  etc)  differ  from  the  above  stated 
approaches  only  by  their  method  of  eliminating  the  residual  stresses.  Tt us  they  need 
not  be  described  here. 

References:  (9),  (59),  (85). 

7.6  Stress  gauges 

The  preceding  chapters  deal  with  strain  gauges  that  can  be  used  for  strain  measurements. 
The  stresses  can  then  be  determined  from  the  strains  by  means  of  the  procedure  described. 

Sometimes,  however,  only  the  stress  (not  the  strain)  in  a certain  direction  is  of  interest 
For  this  purpose,  stress  gauges  are  available.  Stress  gauges  are  strain  gauges  with  a 
special  grid  configuration. 

For  a strain  gauge  the  resistance  change  is  proportional  to  a strain  change  parallel  to 
the  gauge.  For  a stress  gauge  the  resistance  change  is  proportional  to  a stress  change 
parallel  to  the  gauge.  There  are  two  types  of  stress  gauges:  The  T-type  and  the 

V-type . 

The  performance  of  the  T-type  is  based  on  the  relation 
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(7.6-1) 


Fig  7.6-1  shows  this  type  of  gauge.  The  measured  tignal  is  produced,  in  each  case,  by 

adding  the  strain  in  measuring  direction  c and  the  u-fold  transverse  strain  ue  . 

x y 


Using  the  configuration  shown  in  Fig  7.6-1A,  this  is  arranged  by  the  different  nominal 
resistances  of  the  two  measuring  grids.  The  value  of  the  stress  is  then  obtained  by  a 
corresponding  weighting  (multiplication)  of  the  output  signal  with  E or  E 

(according  to  the  information  on  the  data  sheet). 


The  compliance  of  the  transverse  strain  ratios  for  stress  gauges  with  the  material  to  be 
measured  is  a pre-requisite  for  appropriate  application.  The  gauges  are  thus  designed 
for  defined  values  of  u • Remaining  differences  can  be  balanced  by  the  parallel 
connection  of  a resistor  to  one  of  the  two  measuring  grids  (Ref  (69)). 


The  performance  of  the  V-type  is  based  on  the  relation 


°x  “ 2(  1-iT)  (cV  + E-f^ 

under  the  condition  that  cos  2y  « (l-u)(l+u). 


(7.6-2) 


Fig  7.6-1,  B shows  this  type  of  gauge, 
of  two  strain  gauges. 


In  Fig  7.6-1,  C is  similar  but  composed 
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The  gauge  shown  in  Fig  7.6-10  is  still  more  versatile.  In  this  case  it  is  unimportant 
whether  two  single  strain  gauges  are  applied  at  an  angle  of  90°  or  whether  a biaxial 
rosette  is  used.  The  arrangement  is  adjusted  to  the  material  transverse  utrain  ratio 
by  parallel  connection  of  the  resistor  R^  to  the  crosswise  bonded  strain  guuge.  The 

value  of  Rq  is  calculated  from  the  equation 
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(7.6-3) 


By  rearranging  the  parallel  resistor  R^  from  the  transverse  to  the  longitudinal  strain 

gauge,  the  stress  in  transverse  direction  can  also  be  determined  by  means  of  this  same 
strain  gauge  configuration. 

References:  (69),  (87),  (B14). 

7.7  Measurement  of  material  fatigue 

The  resistance  of  each  strain  gauge  changes  under  load.  The  change  in  resistance  per 
load  cycle  grows  with  increasing  load  and  strain  amplitude  until  fracture  of  the  the 
measuring  grid,  the  connections  or  in  the  component  itself  occurs  after  a certain 
number  of  load  cycles. 

The  effect  of  the  increase  in  resistance  is  utilized  in  the  fatigue  life  gauge  to  obtain 
direct  information  on  aging.  It  has  proved  a versatile  instrument  for  experimental 
studies.  However,  fundamental  knowledge  and  extreme  care  are  necessary  when  this 
gauge  is  used  and  the  measured  results  are  interpreted,  in  order  to  avoid  misinterpre- 
tation. 

The  configuration  of  the  fatigue  life  gauge  is  similar  to  that  of  a strain  gauge.  It  also 
consists  of  a measuring  grid  embedded  in  a supporting  layer.  However,  its  functioning 
differs  considerably  from  that  of  a strain  gauge. 

The  change  in  resistance  of  the  strain  gauge  is  proportional  to  the  strain  at  the  measur- 
ing point.  After  unloading  it  reassumes  its  original  value  of  resistance  whereas  the 
fatigue  life  gauge  retains  a residual  unbalance.  This  residual  unbalance  increases 
with  a growing  number  of  load  cycles,  i.e.  the  fatigue  life  gauge  "stores"  all  load  cycles 
occurring  from  the  time  of  its  installation.  Thus,  the  change  in  resistance  measured 
against  the  original  value  is  a measure  not  only  for  the  number  of  load  cycles  to  which 
it  was  exposed  but  also  for  the  strain  level  to  which  it  has  been  subjected.  This 
behaviour  suggests  two  different  possible  applications  for  futiguo  life  gauges. 

The  fatigue  life  gauge  can  be  used  as  a load  cycle  counter  if  certain  boundary  conditions 
are  met.  Although  mechanical  counters  have  a considerably  higher  accuracy  than  the 
fatigue  life  gauge,  the  latter  is  often  better  and  easier  to  install.  However,  a pre- 
requisite for  its  use  is  that  the  same  strain  level  is  reached  with  each  load  cycle 
and  that  the  extent  of  the  strain  is  known. 

From  the  above  it  follows  that  the  strain  amplitude  can  be  concluded  from  the  change  in 
resistance  of  the  fatigue  life  gauge  if  the  number  of  load  cycles  is  known  and  the 
amplitude  is  constant.  This  method  of  application  is  particularly  suitable  for  the 
measurement  of  rotating  shafts  in  which  case  it  is  possible  to  dispense  with  slip-rings 
or  telemetry  systems. 

The  fatigue  life  gauge  can  also  be  used  to  assess  variations  in  the  amplitude  levels 
under  dynamic  load.  A gauge  installed  for  this  purpose  on  a structure  shows  a certain 
resistance  behaviour  depending  on  the  number  of  load  cycles  for  constant  load  amplitudes. 

If  this  amplitude  now  changes  after  a number  of  cycles,  e.g.  due  to  a fatigue  fracture 
occurring  in  the  proximity,  this  is  indicated  by  a change  in  the  slope  of  the  resistance 
curve  which  can  be  used  to  identify  the  damage. 

If  varying  load  amplitudes  occur,  the  mean  load  level  can  be  determined  by  means  of 
comparative  measurements.  This  is  demonstrated  by  Ref  (48),  using  results  obtained  on 
four  aircraft  of  the  same  type.  These  results  show  that  the  two  aircraft  which  were 
in  an  aerobatics  squadron  were  subjected  to  considerably  higher  loads  than  two  similar 
aircraft  used  as  training  aircraft.  The  measurements  further  show  that  the  load  depends 
on  the  respective  position  of  the  aircraft  during  formation  flight. 

Similar  comments  apply  to  its  use  for  comparative  measurements  on  components  of  different 
configurations  being  subjected  to  the  same  load  spectra.  In  this  case,  the  fatigue  life 
gauge  applied  to  the  best  part  shows  the  least  change  in  resistance. 

However,  the  main  purpose  for  the  application  of  a fatigue  life  gauge  is  to  obtain  a 
reliable  indication  with  regard  to  "fatigue"  or  the  remaining  life  until  surface  cracks 
appear.  This  requires,  first  of  all,  the  determination  of  critical  points  on  a structure. 
Furthermore,  comparative  measurements  have  to  be  performed  with  regard  to  the  strains 
occurring  at  these  points  by  using  test  bars  of  the  same  material.  Only  then  is  a 
useful  statement  on  the  remaining  life  possible. 

Furthermore,  it  has  to  be  considered  that  a certain  strain  level  is  required  for  the 
optimum  application  of  a fatigue  life  gauge.  Very  often  it  is  therefore  necessary 
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to  resort  to  Surain  multipliers  (refer  to  Section  7.12). 

These  multipliers  must  also  be  used  if  materials  with  very  low  fatigue  strength  are  to 
be  measured. 

Up  to  this  point,  the  possible  application  of  single  fatigue  life  gauges  has  beeu  des- 
cribed. For  various  purposes,  accurate  preliminary  tests  and  comparative  measurements 
are  absolutely  necessary.  In  addition,  certain  boundary  conditions  with  regard  to 
load  amplitudes  and  the  number  of  load  cycles  have  to  be  met  in  most  cases.  However, 
the  field  of  application  can  be  considerably  enlarged  by  combining  several  fatigue  life 
gauges . 

Reference  (5)  shows  how  a combination  of  three  fatigue  life  gauges  with  different  strain 
sensitivity  can  be  used  for  the  measurement  oi  random  strain  distributions.  However, 
evaluation  requires  extensive  computer  programmes.  The  measuring  results  published 
confirm  the  excellent  applicability  of  this  procedure. 

Reference  (35)  uses  another  approach.  In  this  case  two  fatigue  life  gauges  with 
different  sensitivities  (varying  changes  in  resistance  at  equal  strain  amplitudes  and  load 
cycle  numbers)  are  combined.  With  this  arrangement  relatively  accurate  statements  of 
the  remaining  life  of  the  test  specimen  can  also  be  made. 

As  already  indicated,  quite  useful  results  are  obtained  with  the  two  last-mentioned 
procedures  even  without  oxtensivo  preliminary  tests;  however,  the  accuracy  of  the 
statements  can  be  considerably  increased  by  preliminary  and  comparative  tests. 

References:  (4),  (15),  (19),  (20), (32),  (35), (48). 

7.8  Measurement  of  crack  propagation 

Like  the  fatigue  life  gauge,  the  crack  propagation  gauge  is  not  used  for  strain  measure- 
ments although  it,  too,  is  related  to  the  strain  gauge. 

The  crack  propagation  gauge  is  used  to  assess  the  propagation  rate  of  a detected  crack  as 
a function  of  time  and  number  of  load  cycles,  respectively.  In  certain  cases  of  appli- 
cation, such  as  with  test  bars,  the  gauge  permits  the  determination  not  only  of  the  time 
at  which  tho  crack  occurs  but  also  of  its  location.  However,  this  requires  the  connect- 

ion of  special  recording  electronics. 

Like  the  strain  gauge,  tho  crack  propagation  gauge  is  also  embedded  in  a supporting 
material,  but  unlike  tho  strain  gauge,  its  measuring  grid  consists  of  several  adjacent, 
parallel-connected  resistance  paths.  If  a crack  propagates  under  a gauge,  the  resis- 
tance paths  are  broken  ono  after  tho  other.  The  result  is  a gradual  increase  of  the 
total  resistance.  As  tho  distances  between  the  resistance  paths  are  exactly  known, 
it  is  not  difficult  to  determine  the  location  of  the  crack  and  its  propagation  rate. 

Crack  propagation  gauges  with  distances  of  0.25,  0.5  and  2.0  mm  between  the  paths  are 
available  on  the  market  with  the  number  of  paths  amounting  to  10  or  20.  If  connected 
as  recommended  by  the  manufacturer,  the  total  resistance  will  be  between  2.5  and  500 
according  to  the  number  of  paths  broken. 

7.9  Measurement  of  large  strains 

Strains  up  to  about  25000  um/m  can  be  measured  with  normal  struin  gauges.  Special  strain 
gauges  and  adhesives  are  available  for  strains  up  to  200  000  um/m.  When  the  signals 
from  these  gauges  are  evaluated,  the  non-linearity  of  the  bridges  has  to  be  taken  into 
consideration  (see  Chapter  3)  unless  other  procedures  are  applied  to  determine  changes 
in  resistance. 

Strain  transformers  have  to  be  used  (see  Section  7.11)  if  the  above-stated  difficulties 
are  to  be  avoided;  the  strain  transformers  reduce  the  actual  strains  to  smaller 
strains  for  measuring  purposes. 

References:  (68),  (72),  (77). 

7.10  Special  procedures  for  strain  gauge  application 

In  previous  chapters  it  has  always  been  assumed  that  the  strain  gauge  has  been  applied 
to  the  measuring  object  by  means  of  an  adhesive.  However,  special  procedures  have  also 
been  used  which  permit  application  without  adhesive  and  these  should  be  mentioned. 

7.10.1  Self-adherent  strain  gauges 

A self-adherent  strain  gauge  has  been  specially  developed  for  measurements  on  components 
with  highly  polished  surfaces.  In  this  case,  the  adhesion  of  thin  elastomers  is  used  to 
transfer  the  strain  (Ref  (36)).  However,  in  practice  this  method  has  not  been  very 
successful  because  reliability  is  not  good. 
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7.10.2  Pressure  application  of  strain  gauges 

A procedure  has  also  been  developed  to  apply  strain  gauges  by  means  of  pressure.  The 
strain  gauge  rosettes  wore  applied  to  the  measured  object  (plexiglass)  using  a special 
rubber  cushion  and  a pressure  of  about.  150  N/cm?.  Comparative  measurements  with 
rosettes  applied  by  bonding  showed  excellent  agreement  in  the  measured  values.  The 
reproducibility  was  also  excellent.  The  relatively  great  force  and  the  jpace  required 
for  the  rubber  cushion  during  measurements  are  a disadvantage. 

A particularly  suitable  field  of  application  is  indicated  in  another  paper  describing 
the  pressure  application  of  strain  gauges  in  drill-holes  by  means  of  a pressure  hose 
(ref  (37)). 

The  advantage  of  the  pressure  application  method  is  that  the  strain  gauges  or  rosettes 
can  be  used  again  at  another  location  after  each  measurement.  However,  care  has  to  be 
taken  that  the  gauges  are  not  excessively  loaded  as  permanent  deformations  in  the  gauges 
must  be  avoided. 

References:  (37),  (42). 

7.11  Strain  transformers 

Special  strain  gauges  are  available  for  the  measurement  of  large  strains;  semi- 
conductor strain  gauges  can  be  used  for  an  accurate  measurement  of  even  the  smallest 
strains.  The  difficulties  encountered  with  strain  gauges  with  regard  to  their 
temperature  sensitivity  and/or  their  non-linear  behaviour  can  be  avoided  by  using 
strain  transformers.  With  these  devices,  strain  can  be  transferred  to  an  area  where 
it  can  easily  bo  measured  with  standard  measuring  instruments. 

The  application  of  normal  strain  gauges  sometimes  results  in  considerable  errors  caused 
solely  by  the  stiffening  effect  of  the  metal  measuring  grids  if  these  gauges  are  used 
for  the  measurement  of  large  strains  ( > 50  000  pm/m)  on  materials  with  a small  modulus 
of  elasticity  (rubber,  plastics).  These  and  other  difficulties  can  be  avoided  by 
using  strain  transformers  for  large  strains  as  shown  in  Fig  7.11-1A.  In  this  case 
the  longitudinal  strain  t)  of  the  component  is  transformed  into  a flexural  strain.  The 
transformation  ratio  of  the  pick-up  can  be  determined  by  an  appropriate  selection  of  the 
bow  dimensions.  It  is  also  possible  to  reduce  the  stiffening  effect  to  a minimum  by 
using  a very  thin  sheet  metal  strip  as  the  bow. 

The  laws  concerning  the  design  of  the  bow  and  the  determination  < i the  transformation 
ratio  are  included  in  Ref  (11),  However,  it  is  recommended  that  the  transformation 
ratio  on  each  bow  should  be  determined  experimentally. 

Very  often,  even  the  smallest  strains  have  to  be  measured  with  great  accuracy.  In  this 
case,  inductive  or  other  displacement  transducers  can  be  used  for  large  gauge  lengths. 
They  cause  a minimum  stiffening  on  the  component.  Still  it  is  possible  to  sense  small 
strains.  Cases  of  application,  in  particular  in  connection  with  fatigue  life  gauges, 
have  become  known  (refer  Section  7.7). 

Fig  7.11-1B  to  C show  the  basic  and  simultaneously  the  oldest  types  of  transformers 
actually  known.  The  component  strain  occurring  between  the  bonded  surfaces  is  trans- 
ferred via  the  bonding  surface  to  the  intermediate  supporting  layer,  the  actual  trans- 
former. By  providing  limited  gauge  lengths  with  reduced  cross  seition,  increased 
strains  occur  which  can  be  measured  with  strain  gauges  (punched  end  in  the  case  of  B, 
central  cross-section  reduction  in  the  case  of  C). 

Amplification  coefficients  of  2 to  3 can  be  obtained  with  these  types.  However,  they 
can  be  used  only  on  very  thick  components  due  to  the  considerable  stiffening  effect. 

Smaller  stiffening  effects  and  larger  amplification  coefficients  (2  to  10)  are  obtained 
with  the  transformer  shown  in  Fig  7.11-ID  developed  by  Hawker-Siddeley . In  this  case, 
the  strain  gauge  and  fatigue  life  gauge,  respectively,  are  bonded  on  to  the  slots  of  the 
intermediate  supporting  layer.  In  order  to  avoid  destruction  of  the  pick-up  caused  by 
local  excessive  load,  the  strain  gauge  should  only  be  applied  to  the  transformer  together 
with  an  intermediate  layer  (''<0.1  mm)  of  kapton  or  a similar  material. 

A rigid  connection  exists  between  the  two  bonding  surfaces  of  the  types  described  up  to 
this  point  so  that  the  forces  to  be  transferred  are  relatively  large.  The  only  rigid 
connection  of  the  type  shown  in  Fig  7.11-1E  and  F (developed  by  Micro-Measurement)  is 
the  strain  gauge  itself  which  means  that  the  stiffening  effects  are  very  small. 
Furthermore,  effective  amplification  coefficients  can  be  set  more  accurately  than  with 
other  types. 

The  strain  gauge  has  been  provided  with  a silicone-rubber  layer  to  avoid  buckling  of  the 
strain  gauge  under  pressure  load.  Amplification  coefficients  up  to  25  can  be  obtained 
with  these  configurations. 


References:  (11),  (53),  (88). 
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7.12  Geometrical  arrangement  and  electrical  interconnection  to  realize  special 

measuring  effects 

Earlier  chapters  have  only  dealt  with  uniaxial  strain  gauges  or  the  combination  of  uniaxial 
strain  gauges  into  rosettes.  It  has  been  assumed  that  the  measured  signals,  from  say 
three  rosette  legs,  are  measured  with  three  separate  bridges;  then  the  principal  directions 
strains  and  stresses  are  calculated. 

If  the  principal  directions  are  approximately  known,  it  is  also  possible  to  obtain  special 
measuring  effects  by  combining  several  strain  gauges  and  interconnecting  them  in  a 
Wheatstone  bridge.  This  possibility  has  already  been  mentioned  in  Chapter  3 and  in 
Section  7.1.3  it  has  been  used  for  shear  measurements. 

Table  7.12-1  shows  a number  of  different  interconnection  possibilities.  The  strain  gauge 
arrangement  on  a component,  the  interconnection  in  a Wheatstone  bridge  and  the  sensitivit- 
ies or  bridge  factors  are  given.  The  formulae  indicate  the  strain  on  the  component 
surface.  In  the  following,  the  various  bridge  interconnections  will  be  described  in 
detail;  however,  the  effects  of  cable  resistances  etc  will  be  neglected.  The  relevant 
corrections  are  explained  in  Chapter  3 and  can  be  applied  here  by  analogy. 

. Bridge  1 in  Table  7.12-1  shows  a simple  quarter-bridge.  It  is  obvious  that 
the  strain  gauge  reads  not  only  under  tensile  or  compressive  load  but  also 
under  the  action  of  a flexural  moment.  A strain  gauge  not  temperature- 
compensated  will  also  show  an  apparent  strain  eg  in  the  case  of  temperature 

variations.  But  even  a strain  gauge  which  has  been  compensated  for  temper- 
ature changes  will  yield  a small  signal  resulting  from  inaccuracies  in 
compensation;  this  aspect,  however,  will  not  be  taken  into  consideration  at 
this  point. 

. In  bridge  2,  the  fixed  resistor  (R22)  replaced  by  a temperature  compensation 
strain  gauge.  The  temperature  sensitivity  observed  is  caused  by  the  differ- 
ences between  the  temperature  variation  curves  of  the  two  strain  gauges.  It  is 
generally  very  small  if  both  strain  gauges  are  from  one  package  or  at  least  from 
the  same  manufacturing  batch.  The  sensitivity  in  the  table  is  equal  to  zero 
and  will  be  neglected  in  the  following  (refer  to  section  3.3. 1.1). 

. In  bridge  3,  the  compensation  strain  gauge  is  applied  to  the  component  where 
it  picks  up  the  transverse  strain  and  amplifies  the  output  signal. 

. In  bridges  4 and  5,  two  strain  gauges  each  are  arranged  opposite  each  other  on  the 
component.  A compensation  of  the  portion  from  the  longitudinal  load  (bridge  4) 
on  the  one  hand  and  the  portion  from  the  flexure  (bridge  5)  on  the  other  is 
possible  by  different  arrangements  of  the  strain  gauges  in  the  two  bridges.  It 
has  to  be  noted  that  bridge  5 again  shows  temperature  sensitivity. 

. Bridge  6 is  a combination  of  two-half-bridges  according  to  bridge  3.  In  this 
case,  the  sensitivities  are  doubled  not  only  for  longitudinal  loads  but  also 
for  flexural  moments. 

. Bridge  7 is  a combination  of  two  half-bridges  according  to  bridge  2.  However, 
here  the  effect  of  the  flexural  moment  is  compensated. 

. Bridge  8 is  the  bending  bridge  with  the  highest  sensitivity.  All  effects 

resulting  from  longitudinal  loads,  torsional  moments  and  temperature  variations 
have  been  compensated  by  adequate  circuitry. 

. Bridges  9,  10  and  11  show  the  same  strain  gauge  arrangement  on  the  component; 
various  effects  are  obtained  by  different  interconnections.  In  bridge  9 only 
longitudinal  loads  and  in  br  dges  10  and  11,  only  flexural  moments  are  effective. 
Various  sensitivities  are  obtained  by  different  interconnections  of  bridges 
10  and  11. 

. Bridge  12  is  a special  type.  Here,  four  strain  gauges  are  interconnected  in 
a half-bridge. 

. Bridges  13,  14  and  15  are  torque  measuring  bridges  with  various  strain  gauge 
arrangements.  Sensitivities  and  compensating  effects  are  the  same  for  all 
three  bridges. 

. The  bridges  16  and  17,  representing  shearing  force  bridges,  are  similar  to  those 
mentioned  immediately  above. 

Only  very  few  bridge  interconnections  are  of  importance  for  flight  measurement  techniques. 

Bridge  9 is  almost  exclusively  used  for  tensile/ compressive  load  measurements  on  control 
linkages  or  turnbuckles  as  in  this  case  all  effects  resulting  from  possible  flexural  loads, 
temperature  variations  etc  are  compensated  and  this  bridge  shows  a high  sensitivity. 

One  of  the  bridges  13,  14  or  15  can  be  used  for  rotating  shafts. 

Various  bridges  are  used  for  structural  measurement. 
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Bridges  16  or  17  are  used  for  shearing  force  measurements  on  spar  nebs.  Bere  it  has  to 
be  noted  that  the  relatively  thin  metal  web  on  high  wing  spars  (with  thick  wing  profiles) 
may  buckle  even  under  small  loads.  In  such  cases  it  is  necessary  to  use  bridge  17 
provided  that  the  strain  gauges  and  the  ±45°  rosettes,  respectively  are  .located  if 
possible  exactly  opposite  each  other  on  the  metal  web.  Only  then  are  the  effects  of 
buckling  on  the  results  compensated. 

Similar  comments  apply  to  torque  measuring  bridges  that  can  be  applied  either  to  the  skin 
or  even  better  to  spar  webs.  In  the  example  given  in  Chapter  9,  the  torque  measuring 
bridges  were  positioned  on  the  skin  for  spatial  reasons. 

Bridge  11  is  almost  exclusively  used  for  flexural  moment  measurements  on  spar  caps  or 
even  on  stringers  (one  half  bridge  each  on  the  wing  profile  upper  and  lower  surface). 
Although  it  is  less  sensitive  than  bridge  8,  its  temperature  behaviour  is  more  favour- 
able (the  temperature  induced  output  of  bridge  8 is  only  zero  if  the  same  temperature 
variations  occur  at  Rj  and  R3  or  R2  and  R4). 

The  interconnection  possibilities  indicated  above  are  only  a small  selection  of  the  most 
important  ones.  Quite  a number  of  other  possibilities,  even  with  8,  12  or  16  strain 
gauges,  can  be  applied;  they  are  reserved  for  very  specific  purposes. 

The  description  of  these  special  bridges  would  exceed  the  scope  of  this  report. 

Reference:  (69). 

7.13  Measurement  of  strains  on  and  in  fibre-reinforced  components 

Fibre-reinforced  materials  are  of  increasing  importance  for  the  aerospace  industry. 

Their  high  stiffness  and  strength  values  as  well  as  their  low  specific  weight  and  in 
particular  the  ability  to  orient  the  fibres  such  that  their  strength  values  coincide 
with  highly-stressed  directions  offer  considerable  advantages. 

The  application  of  strain  gauges  on  these  materials  is  generally  not  difficult.  Almost 
any  known  adhesive  is  well  suited  for  bonding  the  strain  gauges  on  to  the  filler  (mostly 
epoxy  resin).  They  can  also  be  embedded  into  the  material  without  affecting  the  strength 
behaviour  or  the  component  thickness.  This  is  impossible  with  other  materials,  as  is 
well  known.  For  this  purpose,  connecting  cables  are  soldered  to  the  strain  gauge  prior 
to  its  application.  The  strain  gauge  is  now  placed  between  the  fibre  layers  together 
with  its  connecting  cables  without  using  a special  adhesive;  the  filler  resin  is  then 
cured  (Ref  (40)). 

No  special  measuring  problems  will  occur  with  regard  to  components  that  can  be  calibrated 
if  their  low  thermal  conductivity  against  metals  is  taken  into  consideration.  In  this 
case,  larger  measuring  grids  or  smaller  supply  voltages  should  generally  be  applied. 

(Ref  (4)). 

However,  considerable  difficulties  may  occur  if  principal  strains  or  mechanical  stresses 
are  to  be  determined  from  the  measured  strains. 

Fibre-reinforced  materials  are  inhomogeneous  and  anisotropic.  Each  of  the  directions  has 
other  elastic  parameters  (moduli  of  elasticity  and  transverse  contraction  ratios)  so  that 
even  the  determination  of  strains  has  to  be  performed  with  great  care. 

Transverse  contraction  ratios  can  vary  between  0.2  and  0.85  depending  on  the  fibre  direct- 
ion and  the  degree  of  filling.  Thus  the  transverse  sensitivity  of  the  strain  gauge  may 
introduce  considerable  errors  at  these  extreme  values.  A correction  of  the  errors  is 
recommended  whenever  the  elasticity  parameters  and  the  transverse  sensitivity  of  the 
strain  gauge  are  known. 

The  moduli  of  elasticity  show  a similarly  large  spread.  The  values  of  two  test  bars  of 
boron-fibre  epoxy  with  different  fibre  layers  and  directions  are  stated  as  an  example: 

1)  9 layers  with  the  directions 

2 x 0°,  ±45°,  90°,  ±45°,  2x0° 

2)  8 layers  with  the  directions  4 x (±45°) 
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The  values  for  the  moduli  of  elasticity  show  that  it  is  impossible  to  calculate  a 
mechanical  stress  from  the  strain  values  measured  unless  the  fibre  layers  and  the  degree 
of  filling  are  known  and  the  elasticity  parameters  have  been  determined  by  means  of 
test  bars. 


But  even  after  having  determined  the  parameters  they  should  not  be  taken  for  granted  as 
these  parameters  cannot  be  considered  constants  according  to  Ref  (41).  The  values  also 
depend  on  the  configuration  of  the  specimen. 

References:  (4),  (34),  (40),  (70). 

7.14  interconnection  of  strain  gauge  bridges  for  the  measurement  of  defined 
load  elements  (structural  measurements!) 

Mechanical  loads  can  be  completely  described  by  three  orthogonal  forces  (longitudinal, 
transverse  and  vertical  direction)  and  three  orthogonal  moments  (moments  around  the 
longitudinal,  transverse  and  vertical  axis).  (Fig  7.14-1). 

In  general,  however,  the  individual  elements  occur  simultaneously  and  it  is  then 
impossible  to  distinguish  them  from  each  other.  A strain  gauge  bridge  installed  any- 
where on  the  wing,  for  example,  responds  to  any  of  the  load  types  mentioned  above. 

Its  output  signal  does  not  permit  an  individual  determination  of  the  portions  of  the 
elementary  loads. 

For  the  specific  application  on  flight  test  Skopinski  (Ref  (38))  was  the  first  to 
develop  a procedure  that  can  be  used  to  obtain  the  required  separation  into  orthogonal 
forces  and  moments  by  means  of  an  adequate  interconnection  of  strain  gauge  bridges. 

By  concentrating  on  the  component's  bending  moment,  torsion  moment  and  shear  force,  he 
simplified  the  task  of  application.  The  examples  of  applications  that  became  known 
in  practice  through  flight  testing  show  quite  useful  results  although  the  effort,  con- 
cerning installation,  calibration  and  calculation  is  considerable.  Its  realization 
is  not  possible  without  the  use  of  digital  computers. 


In  the  following,  the  basic  laws  from  which  the  Skopinski  equations  can  be  easily  derived 


are  explained  in  order  to  judge  the  efficiency 
mation  about  the  effort  implied  in  their  usage 
of  the  corresponding  references  are  necessary. 

7.14.1  Basic  mathematical  relations 

The  output  voltage  of  a strain  gauge  installed 
component  is  a function  of  the  load  applied 

u ■ f(L) 

The  following  set  up  applies 

u " auPx+a,2Py+a13Pz+a14Ux+a15My+a16M 


of  these  methods  and  to  give  some  infor- 
For  direct  application  further  studies 
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when  taking  into  account  the  individual  load  elements. 


In  this  case,  it  has  to  be  borne  in  mind  that  even  within  the  validity  of  Hooke's  law  the 
non-linear  terms  have  to  be  considered  (being  introduced  by  geometrical  characteristics 
of  the  structure). 

Considering  j load  elements  for  j bridges  installed,  the  following  system  of  equations 
results 
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in  equations  (7.14-3)  to  (7.14-5)  the  output  signals  of  the  bridges  involved  are  described 
by  means  of  a linear  combination  of  the  load  vector  elements  involved.  It  is  very  easy 
to  determine  this  load  vector  if  the  determinant  of  the  square  coefficient  matrix  is 
not  singular,  i.e.  no  linear  relationship  exists  between  the  coefficients  of  the 
individual  bridges. 

det  [a]  f 0 

{L}  - [b]  {e}  (7.14-6) 

M - or1 


In  accordance  with  equation  (7.14-6)  the  individual  load  elements  can  be  determined  by 
adding  the  bridge  signals  weighted  with  the  corresponding  factors  of  the  [b]  matrix. 
This  requires,  however, the  experimental  determination  of  the  [b]  matrix  by  pre-test 
calibration.  The  calibration  procedure  can  be  seen  from  the  following  calculation. 


Only  the  pure  forces  and  moments  of  the  load  vector  elements  are  important, 
in  a new,  limited  system  of  equations. 
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or  with  { L 1 } as  reduced  load  vector 


This  results 


(7.14-7) 
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where  [b']  is  the  6 x j coefficient  matrix. 


The  determination  of  the  first  line  coefficients  of  the  [b1]  matrix  is  given  below  as 
an  example: 
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or,  after  transposition, 
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The  application  of  j calibration  loads  at  various  positions  results  in  the  following 
(these  loads  are  marked  by  an  asterisk): 
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where  { b ! * } 
transpositii 


e column  vector  of  the  coefficients  bj.  (i  >=  1,  2 j)  yielded  by 

the  first  line  of  the  coefficient  matrix  [b'j. 


This  results  in  the  following  equation  for  the  coefficients  to  be  determined 

* r -T 1 * 

(b,  } = [u]  fPx  } 


(7.14-13) 


It  is,  by  no  means,  . mmon  practice  to  install  six  bridges  per  force  element  but  rather 
to  attempt  U r..iJ’ice  their  number  as  far  as  possible.  This  requires  the  use  of  addition- 
al mathematical  techniques,  in  particular  from  the  field  of  statistics.  This  will  not 
be  discursed  at  this  point  as  these  procedures  have  been  described  in  detail  in  the 
references . 

References:  (38),  (u9). 

7.14.2  Calibration  process 

After  balancing  of  the  bridges,  defined  loads  are  introduced  into  the  object  in  various 
steps  at  accurately  fixed  points  to  determine  the  matrix  elements  of  equation (7 . 14-11) . 
Assuming  that  Hooke's  law  applies,  non-linearities  are  caused  only  by  component  geometry 
so  that  due  to  the  use  of  unchanged  introduction  points,  there  is  a linear  relation 
between  bridge  voltage  ^nd  introduced  load. 


wuere  the  inclination  kQ  is  determined  by  the  most  favourable  straight  line  to  be  drawn 

through  t e measuring  points  of  the  individual  load  steps.  Subsequent  standardisation 
to  the  unit  load  is  advisable  for  practical  application  purposes. 

7.14.3  Inte"Connect ion  of  bridges 

Interconnection  of  bridges  can  be  effected  either  electronically  or  by  resistors.  The 
advantage  of  interconnection  by  means  of  analogue  computer  circuits ( addi t ion  vi  a cporal  ionu  1 
amplifiers)  is  that  it  can  be  done  with  a relatively  small  number  of  bridges  as  these  can 
be  used  in  various  combinations  due  to  decoupling  by  the  amplifiers.  However,  in  this 
case  each  bridge  must  be  provided  with  its  _ #n  amplifiers.  Therefore,  individual 
bridges  are  generally  interconnected  via  resistors.  As  this  method  implies  an  inter- 
action of  the  interconnected  bridges,  each  bridge  can  be  used  only  once.  Therefore, 
several  bridges  have  to  be  installed . 

If  the  internal  resisiance  is  the  same  for  all  interconnected  bridges,  which  is  mostly 
the  case,  the  connective  resistor  (Fig  7.14-2)  can  be  calculated  from  the  relation 

b 1 1 


where  t> j j is  the  largest  coefficient  of  the  interconnection. 

All  adjacent  bridges  are  connected  via  the  connective  resistors  P.  i i to  the  neutral  arm 
ot  the  bridge  associated  with  this  coefficient.  The  resistors  may  assume  values  from 
a few  ohms  to  several  kilo-ohms. 

Sensitivity  and  linearity  of  the  new  combination  are  generally  checked  by  reca 1 i lira t ion 
during  which  a combined  load  is  introduced  into  the  structure. 

Furthermore,  occasional  calibrations  for  inspection  purposes  are  recommended.  They  can 
easily  be  performed  by  applying  a defi  .ed  load  to  a given  point  (e.g.  by  attaching  a 
weight ) . 
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Tiie  method  of  direct  interconnection  of  strain  gauge  bridges  may  be  replaced  by  multi- 
channel recording  and  later  digital  computing  if  appropriate.  It  has  to  be  mentioned 
nevertheless  that  if  on-line  display  for  test  reasons  is  necessary  during  flight,  as 
in  the  example  in  Chapter  9,  this  method  is  not  economically  applicable  today. 

References;  (36),  (38),  (39). 

7.15  lligli-f requency  strain  measurements 

Strain  gauges  can  also  be  used  to  measure  shockwaves  and  high- frequency 
vibrations.  The  detectable  degree  of  slope  and  frequency  range,  respectively,  are 
limited  by  the  gauge  length. 

Fig  7.15-1  illustrates  the  change  in  resistance  of  the  strain  gauge  at  the  impact  of 
a shockwave.  The  shock  front,  assumed  to  be  vertical,  moves  with  a velocity  c. 

Then,  a period 


will  elapse  before  chis  front  passes  over  the  gauge.  The  actual  height  of  the  wave 
will  be  indicated  only  after  the  end  of  the  gauge  has  been  reached  by  the  wave  as  the 
strain  gauge  only  measures  the  mean  value  of  the  various  strains  occurring  over  its 
length.  Owing  to  the  linear  expansion  of  the  strain  gauge,  the  slope  of  the  wave 
front  seems  to  have  been  diminished,  an  effect  that  grows  with  increasing  lengths. 

Thus,  strain  gauges  used  for  the  measurement  of  steep  slopes  have  to  be  as  short  as 
possible. 

However,  the  behaviour  of  strain  gauges  during  high  frequency  vibration  measurements  is 
more  important  for  flight  testing  purposes.  In  special  cases,  frequencies  up  to  5 kHz 
have  to  be  measured  in  case  of  sonic  loads. 

Here,  too,  the  strain  gauge  length  is  the  restrictive  factor.  We  must  always  ensure 
that  this  length  is  small  relative  to  the  wave  length  of  the  vibration.  If  this  require- 
ment is  not  met,  the  value  indicated  by  the  gauge  will  again  be  too  small  due  to  the 
averaging  effect;  no  indication  at  all  will  take  place  if  the  two  values  coincide. 

Thus  the  actual  boundary  frequency  that  can  be  measured  by  a strain  gauge  also  depends 
on  the  velocity  of  sound  in  the  material  to  be  measured.  The  boundary  frequency  of 

steel/aluminium  (c  v 4700  m/sec)  for  a given  relation  between  wave  and  gauge  lengths 
is  stated  in  Table  7.15-1  if  a specific  error  is  acceptable. 

The  references  describe  applications  up  to  frequencies  of  44  kHz  so  that  in  this 
connection  no  problems  may  be  expected  for  flight  measurements. 

References:  (21),  (54),  (55),  (56),  (57). 


Table  7.15-1:  Boundary  frequencies  for  strain  measurements  according  to  Ref  (54). 


Wave  length/Gauge  length 

Boundary  frequency  1/sec 

Error  °k 

22.2 

40,000 

1 

9.9 

80,000 

5 

6.59 

120,000 

10 

4.0 



240,000 

30 

/ . 16  Strain  gauges  of  excessive  lengths 

Strain  gauges  with  grid  lengths  up  to  '>-10  mm,  in  certain  cases  even  up  to  20  mm,  are  used 
for  tests  on  m^t^1  components. 

Although  commercial  slrai  • gauges  witli  excessive  lengths  up  to  150  nm  can  be  used  here 
for  certain  special  measurements  they  are,  first  of  all,  intended  for  application  in  the 
building  industry  such  as  measurements  on  concrete  components.  In  this  ease  the 
averaging  effect  Section  4.12)  of  tile  strain  gauge  is  intent  tonally  used. 

7.17  Interferometric  strain  gauges 

Mow  that  an  economic  coherent  light  source  is  av..ilnl>|.  in  the  lonn  of  the  laser, 
tests  to  utilize  optical  strain  gauges  have  been  reported  (Ref  (86)  Fig  7.17  ’ ) . In 
this  case,  transparent  materials  of  minor  stiffness  tire  used  and  applied  to  t..e  specimen 
like  strain  gauges . However,  a bonding  is  effected  only  at  the  gauge  ends. 
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The  interference  pattern  results  from  the  overlapping  of  the  rays  reflected  from  the 
external  and  internal  surfaces  of  the  strain  gauge  if  the  latter  is  exposed  to  rays 
emitted  from  a laser  via  a Beam  splitting  mirror  as  shown  in  Fig  7.17-1.  The  distance 
of  the  interference  lines  depends  on  the  optical  thickness  of  the  gauge.  Under  load 
this  thickness  and  thus  the  interference  pattern  changes.  Conclusions  with  regard  to 

the  strain  can  be  drawn  from  recordings  of  these  changes. 

Reference:  (86). 

References  for  Chapter  7 : 

(5),  (6),  (8),  (9),  (11).  (12),  (13),  (14),  (15),  (16),  (17),  (18),  (19),  (20), 

(32),  (33),  (34),  (35),  (36),  (37),  (38),  (39),  (40),  (42).  (48),  (53),  (54),  (55), 

(56),  (57),  (68),  (69),  (74),  (87),  (88). 


8.0  USE  OF  STRAIN  GAUGES  UNDER  EXTREME  ENVIRONMENTAL  CONDITIONS 

In  the  preceding  chapters,  the  strain  gauge  was  described  as  a versatile  means  for 

determining  component  surface  strains.  It  was  assumed  that  the  measurements  were  not 

performed  at  extreme  temperatures,  in  magnetic  fields,  in  nuclear  radiation  or  under 
vacuum  conditions. 

For  a long  time,  however,  measurements  by  means  of  strain  gauges  have  also  been  performed 
under  extreme  environmental  conditions.  For  instance  on  hot  parts  of  missile  combustion 
chambers  or  on  components  partly  located  in  the  engine  exhaust  stream. 

The  purpose  of  this  chapter  is  to  give  a survey  of  the  possibilities  and  limits  of  the 

strain  gauge  technique  under  extreme  environmental  conditions.  Temperature  is  the  most 
important  of  these  conditions  and  will  thus  be  treated  more  thoroughly  in  this  text. 

8. 1 Use  at  extreme  temperatures 

In  the  lower  temperature  range  (200  to  450K)  the  measuring  grid  material  used  is  mainly 
constantan  (Section  6.2).  In  the  case  of  higher  temperatures,  up  to  1000K,  however, 
constantan  has  to  be  replaced  by  more  stable  alloys  because  of  its  low  scale  resistance 
and  structural  changes.  These  include,  for  example,  modified  Ni  Cr  alloys  (Nichrome  V, 

Karma,  Nimonic  90),  Fe  Cr  Ni  alloys  (Elinvar,  Iso-Elastic),  Fe  Cr  A1  and  Pt  W alloys. 

The  large  number  of  alloys  used  indicates  that  an  ideal  grid  material  has  not  been  found 
so  far.  Table  2.2-1  summarizes  the  most  commonly  used  strain  gauge  alloys.  The  table 
makes  clear  that  the  alloys  used  do  not  all  possess  the  ideal  characteristics.  The 
alloys  with  a low  resistance  temperature  coefficient,  for  example,  show  high  drift 
rates  and  even  metallurgic  transformations ; on  the  other  hand,  the  stablest  alloys  have 
very  high  temperature  coefficients  aR  and  unfavourable  gauge  factors. 

8.1.1  Technical  configurations  of  strain  gauges  for  extreme  temperature  and  their 
attachment  to  the  component 

Typical  strain  gauge  configurations  are  shown  in  Fig  8.1-1.  The  configur- 
ation commonly  used  for  room  temperature  is  shown  in  Fig  8.1-la.  The 
measuring  grid  with  the  necessary  leads  is  embedded  in  a plastic,  supporting 
material.  The  thin  sheets  thus  obtained  are  bonded  to  the  component  to  be 
examined,  using  organic  adhesives.  The  applicability  ol  organic  materials 
is  limited  to  the  temperature  range  from  20K  to  450K;  within  this  range 
they  are  quite  reliable.  The  restriction  with  regard  to  higher  temperatures 
is  caused  by  the  decrease  in  the  strength  of  these  materials,  which  prevents 
a complete  transfer  of  the  component  strains  to  the  grid  (Section  2. 2. 5.1). 

In  addition,  decomposition  and  combustion  of  supporting  materials  and 
adhesives  leads  to  destruction  of  the  strain  gauge  within  a short  period 
of  time. 

. Inorganic  adhesives  are  used  for  temperatures  exceeding  450K.  Strain  gauges 
for  such  applications  are  delivered  on  removable  plastic  supporting  materials 
(Figs  8.1-lb  and  c).  In  principle,  the  strain  gauge,  witli  the  grid  facing 
the  component,  is  placed  on  the  measuring  surface  which  has  been  electrically 
insulated  by  a thin  coat  of  adhesive.  Part  of  the  measuring  grid  is  exposed 
by  removing  the  plastic  supporting  material  and  ceramic  adhesives  are  applied 
to  it.  The  adhesives  used  are  available  in  the  form  of  aqueous  solutions 
and  are  applied  by  means  of  a hair  brush.  When  the  surface  of  the  adhesive 
coat  has  dried,  another  part  of  the  grid  can  be  exposed  and  bonded  until  the 
grid  has  been  completely  attached  to  the  component.  Subsequently,  the 
adhesive  is  cured  in  accordance  with  manufacturers'  specifications. 

The  grid  of  the  strain  gauge  shown  in  Fig  8.1-lb  can  also  be  transferred  by 
applying  a technique,  called  flame-spraying  (Fig  8.1-2).  The  adhesive  for 
these  so-called  "window  gauges"  consists  of  aluminium  or  zinc  oxide.  Aluminium 
or  zinc  oxide  bars  are  held  in  the  flame  of  an  acetylene  oxygen  burner.  At 
the  bar  end,  the  oxide  material  melts,  and  the  liquified  small  drops  are 
sprayed  on  to  the  appropriate  surface  by  means  of  compressed  air.  One  of  the 
distinct  advantages  of  the  flame-spraying  technique  is  that  high  temperature 
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cures  are  not  required  in  order  to  achieve  high  temperature  operating 
capability.  This  feature  is  especially  significant  when  bonding  gauges  to 
large  structures  that  cannot  easily  be  brought  to  cure  temperature. 

. An  important  advance  towards  a simplification  of  attachment  is  represented 
by  the  weldable  strain  gauges  (Fig  8.1-ld).  In  the  case  of  these  gauges 
the  measuring  grid  is  bonded  to  a thin  steel  plate  during  the  manufacturing 
process.  The  measurement  elements  thus  obtained  are  attached  to  the 
component  by  spot-welding  (Fig  8.1-3).  Caution  should  be  exercised  in  the 
use  of  weldable  gauges  on  titanium  structures  because  of  the  effect  on  the 
fatigue  life  of  the  structure  (Ref  (96)). 

8.1.2  Influences  of  lead-wire  resistances 

At  room  temperature  the  lead  resistance  can  usually  be  neglected  or  corrected  for  since 
it  does  not  change  very  much  (copper  leads,  constant  temperature).  If,  however,  strain 
gauges  are  used  at  extreme  temperatures,  the  leads  used  should  consist  of  the  same  high- 
temperature  alloys  used  for  the  measuring  grids  in  order  to  prevent  thermal  stresses 
and  because  of  the  better  resistance  to  corrosion.  In  view  of  the  high  specific 
resistance  of  these  materials  (Ni  Cr  strips),  the  lead  resistance  cannot  be  neglected. 
Furthermore,  local  temperature  variations  can  occur  along  the  leads  so  that  special 
attention  must  be  paid  to  the  influence  of  the  lead  resistance  on  zero  drift  and 
sensitivity  of  the  bridge  (refer  to  Section  3.3). 

If  twisted  leads  or  closely  spaced  parallel  leads  of  the  same  length  are  used,  there  is 
no  zero  drift  and  the  apparent  strains  (refer  Section  8.1.3)  become  nil.  In  general 
it  is  impossible  to  perform  a correction  with  regard  to  sensitivity  under  the  marginal 
conditions  specified  above.  In  practice,  therefore,  lead  influences  should  be  Kept 
as  small  as  possible. 

8.1.3  Apparent  strains 

Changes  in  the  resistance  of  a strain  gauge  which  are  not  caused  by  strains  related  to 
stresses  caused  by  mechanical  loads  lead  to  false  indications  called  apparent  strains. 
Causes  for  such  changes  in  resistance  are: 

Temperature  effects 

. changes  in  the  wire  resistance  as  a result  of  temperature  variations; 

. strains  as  a result  of  different  linear  expansion  coefficients  of  measuring 

wire  and  component 

. changes  in  the  insulation  resistance. 

Time  effects 

. Corrosion  of  the  measuring  grid 

. structural  changes 

. creep  effects 

Mathematical  coverage  of  the  temperature  effects  mentioned  is  provided  in  Section  2.2,6, 
equation  (2.2-16).  This  equation  shows  that  the  strain  gauge  quality  is  mainly 
determined  by  the  expression 

i nR  + aB  ■ aDMS 


The  parameters  aa  and  anM„  for  the  measuring  grid  materials  used  are  summarized  in 
Table  2.2-1.  K w 

The  table  shows  that  temperature  coefficients  «R  of  50um/m/K  are  easily  reached  by 
various  alloys.  In  order  to  be  able  to  measure  strains  of,  for  instance,  1000  am/m 
with  an  almost  100%  accuracy,  the  temperature  must  be  constant  even  in  fractions  of 
degrees  (Figs  8.1-4  to  6).  This  requirement  is  seldom  met  in  practice.  Therefore  compen- 
sation procedures,  as  described  in  .Section  3. 3. 1.1,  must  be  applied.  In  principle 
these  procedures  offset  at  least  the  disturbing  thermal  portion.  But  these 
procedures,  making  use  of  circuit  possibilities,  are  only  fully  effective  in  the  case 
of  strain  measurements  at  constant  temperatures  since  in  this  case  the  bridge  can  be 
balanced  at  the  appropriate  test  temperature. 

In  the  case  of  strain  measurements  at  variable  temperatures  balancing  is  only  possible 
at  room  temperature.  These  so-called  thermal  stress  measurements  are  dilliinlt  to  achieve 
even  with  current  techniques  and  if  these  methods  are  applied,  concessions  must  be  made  in 
measuring  accuracy  expected  since  the  individual  strain  gauges  interconnected  in  the 
bridge  will  always  have  a different  resistance  temperature  coefficient  >R.  The 
magnitude  of  the  resultant  false  signal,  which  is  also  called  an  effect  of  residual 
temperature,  can  be  gathered  from  Figs  8.1-4  to  8.1-6  for  the  three  most  important 
measuring  grid  materials  Pt  W,  Ni  chronic*  V and  modified  Karma. 
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Too  low  and  inconstant  insulation  resistances,  caused  by  humidity  or  temperature 
variations,  also  result  in  apparent  strains.  The  insulation  resistance  R^s  acts  as 

a shunt  resistance  relative  to  the  strain  gauge  (Fig  8.1-7). 


If  the  insulation  resistance  Ris  decreases  by  -AR^g  . the  overall  resistance  change  is 

RaR, 


R(Ris  - *Ris) 


R'Ris 


R + R 


is 


AR . 


R+R 


is 


R+'ft 


‘is 


is 


The  relative  resistance  change  is  then 

R*R.  „ 


R+R. 


ARis 

Ris 


The  following  equation  results  for  the  apparent  strain: 


ARis 

Ris 


(8.1-1 ) 


Fig  8.1-8  shows  the  change  of  the  insulation  resistance  of  ceramic  adhesives.  Their 
upper  temperature  limit  is  a result  of  ionization  processes  and  depends  on  the  purity 
grade  of  the  bonding  agent.  Measurements  up  to  approximately  1000K  can  be  performed 
using  strain  gauges  bonded  with  ceramic  adhesives.  In  this  case,  apparent  strain  due 
to  changes  in  the  insulation  resistance  are  hardly  existent. 


In  the  case  of  high  temperatures,  the  measuring  grid  corrosion  is  a source  of  time- 
dependent  apparent  strains.  On  the  one  hand,  the  electrical  resistance  is  continuously 
increased  by  the  reduction  of  the  conductor  cross-section,  i.e.  a gradually  increasing 
strain  is  simulated.  On  the  other  hand  it  is  possible  that  the  alloy  composition  and 
thus  the  specific  resistance  is  changed  by  selective  corrosion  owing  to  different 
corrosion  rates  of  the  individual  alloy  components. 


The  corrosion  is  not  only  a result  of  the  air  oxygen  and  other  gaseous  corrosive  materials 
but  can  to  a large  extent  also  be  attributed  to  the  adhesives.  Especially  before  setting 
the  latter  can  be  extremely  corrosive.  The  corrosion  rate  is  also  influenced  by  varying 
humidity  at  temperatures  below  370K  (some  adhesives  are  hygroscopic). 

As  a result  of  plastic  deformation  by  stretching  or  rolling  the  metallurgic  condition  of 
the  measuring  grid  wires  and  foils  is  not  stable  at  high  temperatures.  It  is  true  that 
it  seems  to  be  "frozen”  at  low  temperatures,  but  it  leads  to  noticeable  drift 
phenomena  at  higher  temperatures. 

In  addition,  quite  a number  of  the  measuring  grid  alloys,  such  as  the  Ni-Cr  alloys,  show 
structural  changes  in  certain  temperature  ranges.  These  changes  within  the  elementary 
cells  of  the  crystals,  which  occur  when  the  characteristic  temperature  ranges  are 
exceeded,  result  in  considerable  changes  in  the  wire  resistance.  These,  in  turn,  lead 

to  marked  drift  phenomena.  The  overall  temperature  range  of  a strain  gauge  alloy  is 

thus  limited  mainly  by  corrosion  and  structural  changes.  The  drift  rate  for  Karma, 
Nichrome  V and  Pt  W alloys,  expressed  in  um/m/min,  is  plotted  as  a function  of  the 

temperature  in  Fig  8.1-9.  The  relevant  limit  temperatures  can  be  taken  from  this  figure. 


In  the  cryogenic  temperature  range  down  to  20K,  drift  phenomena  of  the  type  mentioned 
above  have  not  been  observed  on  the  alloy  "modified  Karma”  which  is  commonly  used  for 
this  temperature  range. 


In  the  case  of  loaded  strain  gauges,  another  cause  for  time-dependent  apparent  strains 
can  be  mentioned,  the  so-called  "creeping".  Creeping  is  a gradual  yielding  of  adhesive 
and  supporting  material  under  the  restoring  force  of  the  stretched  measuring  wire.  In 
the  case  of  high  temperature  measurements  with  ceramic  adhesives  and  measurements  in  the 
cryogenic  temperature  range  with  organic  adhesives  (epoxy  resin)  this  effect  is  hardly 
noticeable  or  is  at  least  unimportant  in  comparison  with  the  other  time  effects. 


Due  to  the  non-disappearing  mean  modulus  of  elasticity  of  the  strain  gauge  components, 
the  application  of  a strain  gauge  leads  to  a local  stiffening  of  the  component  and  thus 
to  a disturbance  of  the  stress  behaviour  in  the  area  of  the  strain  gauge  measuring  points. 

In  the  case  of  different  linear  longitudinal  expansion  coefficients  of  the  component  and 
the  strain  gauge  a deformation  of  the  component,  similar  to  a bi-metal  effect,  might  also 
occur  and  result  in  further  considerable  errors  in  measurement  (Ref  (Bll)).  The  effects 
mentioned  are,  of  course,  particularly  obvious  in  the  case  of  thin  components  (<^  1 mm). 

In  the  high-temperature  range,  with  the  use  of  ceramic  adhesives  or  metal  supporting 
materials,  but  also  at  cryogenic  temperatures  they  should  not  be  disregarded. 


The  magnitude  of  the  individual  apparent  strains  can  be  assessed  for  the  marginal  test 
conditions  only  by  the  user  himself.  The  values  given  in  Tables  8.1-1  and  8.1-2  can 
be  taken  as  a calculation  basis. 
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8,1.4  Dependence  of  the  gauge  factor  It  on  temperature 

The  gauge  (strain  sensitivity)  factor  k of  a strain  gauge  is  a function  of  the  temperat- 
ure (see  Section  2. 2. 4.1,  equation  (2.2-6)). 


The  temperature  coefficient  of  k can  be  calculated  from  this  equation. 


It  has  not  yet  been  definitely  determined  which  term  of  the  sum  causes  the  gauge  factor 
change.  Ref  (43)  assumes  that  the  quantity  _1  _3£.  is  practically  independent  of  the 

p"  3e 

temperature,  so  that  1 3k  is  determined  only  by  the  temperature  behaviour  of  the 

k TT 


transverse  contraction  ration  e ; whereas  Ref  (44)  is  of  the  opinion  that  1 3k  is 

it  It 


determined  by  the  first  term  of  the  sum. 


Table  8.1-1:  Linear  expansion  coefficient  a of  various  strain  gauge 

grid  materials  and  component  materials  between  room 
temperature  293K  and  temperature  according  to  Ref  (43), 
(45).  For  further  information  see  Ref  (B9). 


Temperature 

Cons tan tan 

Nichrome  V 

Karma 

Nimonic  90 

XI 2 CrNi  188 

AIZnMgl 

K 

<a>  10‘6/K 

20 

9 

9.5 

16.9 

100 

- 

11.3 

11.9 

- 

- 

21.7 

293 

- 

- 

- 

- 

- 

- 

373 

15.2 

13.4 

13.6 

11.3 

17.7 

- 

473 

14.9 

13.2 

13.4 

12.4 

18.0 

- 

573 

15.0 

13.3 

13.4 

13.1 

18.2 

- 

673 

15.2 

13.5 

13.6 

13.6 

18.6 

- 

773 

- 

13.9 

13.9 

14.1 

19.0 

- 

873 

- 

- 

- 

14.7 

19.2 

- 

973 

- 

- 

- 

15.2 

- 

- 

1073 

“ 

16.0 

According  to  Section  2. 2. 5.1  changes  in  the  material  properties  of  wire  and  supporting 
material  must  also  be  oxpected. 

Fig  8.1-10  shows  the  temperature  dependence  of  k for  four  alloys.  It  can  be  seer,  thr.t 
substantial  changes  of  k must  be  expected  at  higher  temperatures.  Hovever,  it  can  be 
assumed  that  the  gauge  factor  has  good  repeatability. 


Fig  8.1-11  shows  the  gauge  factor  charge  of  modified  Karma  in  the  cryogenic  temperature 
range.  The  zone  of  spread  of  the  gauge  factor  change  for  tensile  and  compressive 
stresses  is  also  indicated.  The  gauge  factor  change  is  repeatable  in  this  range  as  well. 

8.1.5  Hysteresis:  maximum  static  strain 

In  the  high-temperature  range,  a hysteresis  exceeding  the  normal  limits  cun  be  observed 
only  in  the  case  of  weldable  strain  gauges  with  metal  supporting  material.  Fig  8.1-1? 
shows  the  maximum  deviation  for  a weldable  strain  gauge  at  load  cycles  of  1000  nm/m 
referenced  to  the  unloaded  component,  at  a constant  test  temperature.  It  can  be  seen 
that  a permanent  hysteresis  hao  to  be  expected  for  weldable  strain  gauges.  This 
permanent  hysteresis  can  be  caused  by  a plastic  information  of  the  welding  points,  as 
described  in  Section  2. 2.5.1. 

According  to  VDE/VDI  2635  (Ref  (28)),  by  definition  the  maximum  permissible  static  strain 
is  reached  when  there  is  a 10%  deviation  between  indicated  and  actual  strain.  In  the 
case  of  welded  strain  gauges  and  strain  gauges  attached  by  means  of  ceramic  adhesives  the 
maximum  permissible  strains  are  about  5000  um/m.  In  the  cryogenic  range,  at  20K, 
measurements  with  strains  of  3500  um/m  were  successfully  completed  (Ref  (45)). 


Table  8.1-2:  Linear  expansion  coefficient  a and  modulus  of  elasticity 

of  various  adhesives  according  to  Ref  (43)  and  (45) 
between  room  temperature  293K  and  temperature  T. 


8.1.6  Summary  of  the  most  Important  temperature  characteristics 


In  order  to  be  able  to  assess  the  limits  and  possibilities  of  static  strains  at  extreme 
temperatures,  the  most  important  influence  factors  are  summarized  in  Table  8.1-3. 

But  this  data  can  only  be  regarded  as  nominal  values  since  all  characteristics  can  be 
influenced  by  the  mechanical  background  of  the  grid,  i.e.  by  the  degree  of  cold  working. 


The  strain  gauge  characteristics  are  set  to  certain  values  by  the  manufacturer  by 
cold  working  and  subsequent  artificial  aging  at  defined  temperatures.  The  different 
statements  often  found  in  the  referenced  literature  at  least  do  not  discount  the 
suspicion  that  the  "cultivation"  of  characteristics  can  hardly  be  reproduced  to  an 
adequate  degree. 


Use  under  hydrostatic  pressure 


The  problems  involved  in  using  strain  gauges  under  hydrostatic  pressure  are  not  so  much 
related  to  the  technical  configuration  of  the  strain  gauges  as  to  the  field  of  applic- 
ation techniques.  Bubble-free  layers  of  adhesive  are  indispensable.  It  is 
recommended  that  a substantially  higher  contact  pressure  than  specified  by  the  strain 
gauge  manufacturer  for  normal  applications  be  used. 


Flat  grid  strain  gauges  show  a linear-dependent  zero  point  indication  in  the  order  of 
5 to  10  um/m  for  each  1000  N/cm2  in  the  range  up  to  5000  N/cm2 . 


All  attempts  to  clearly  determine  the  behaviour  of  strain  gauges  under  very  high  pressures 
have  failed.  But  it  can  be  said  that  the  influences  are  in  any  case  unimportant,  if  not 
negligible.  Measurements  by  Ref  (46)  show  a certain  dependence  of  the  gauge  factor 
on  the  pressure  applied.  According  to  Rof  (46),  the  gauge  factor  changes  by  approx 
0.4%  per  10000  N/cm2. 


Reference:  (46). 


8.3  Use  under  nuclear  radiation 

Among  the  measuring  grid,  materials  used  for  strain  gauges,  only  the  Constantan  and  Pt  W 
alloys  have  proved  to  be  stable  under  nuclear  radiation.  Ni chrome  V and  semi-conductor 
materials  are  subject  to  major  resistance  changes.  Phenolic  resir.  has  the  best 
resistance  of  all  plastics  of  the  measuring  grid  supporting  materials  and  adhesives. 

In  addition,  the  ceramic  bonding  agent  based  on  alumini'un  oxide  (flame  spraying,  see 
Section  8.1.1  and  Fig  8.1-2)  has  also  stood  tile  test  . More  detailed  information 
cannot  be  given  since  the  measured  results  are  influenced  bv  the  dose  of  radiation 
as  well  as  by  the  radiation  type.  It  is  recommended  that  this  information  be  obtained 
from  test  measurements  under  actual  operating  conditions. 

Reference:  (47). 
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Table  8.1-3:  Characteristics  of  typical  strain  gauge  systems  at  extreme 

temperatures 


Grid  material 
Supporting  material 
Application  technique 

Modified  Karma 
Epoxy  glass  fibre 
Bonding  with  e.g. 
AV  138  ♦ HV  998 

Nichrome  V 

Steel 

Weldable 

Pt  W 

Free  grid 

Flame 

spraying 

Application  time 

two  hours 

Recommended  temperature 
range  293  K to 

20  K 

670  K 

770  K 

Apparent  strain  in  ym/m  (k-2) 
for  steel  1.49.74.9 
aluminium  AIZnMgl 

P60 

460 

62100 

Zero  point  uncertainty  in 
ym/m  (k-2)  for  measurements 
below  variable  temperature 

< i 100 

< ± 75 

< * 250 

Zero  point  drift  in  ym/m  (k-2) 
for  a measuring  time  of 
60  min 

< i 10 

Creeping  in  ym/m  (k-2) 
for  a measuring  time  of 
60  min. 

< i 10 

Linearity  and  hysteresis  for 
a component  strain  of : 

cmax  ‘ 1000  ljm/m 
in  ym/m  (k-2) 

1st  loading 
2nd  louding 

< +70 

< +25 

(permanent ) 

, mttX  - 3000  ym/m 

in  ym/m  (k=2) 

1st  loading 

< ±40 

( permanent ) 

Gauge  factor  change  and 
spread  in  % between  293  K and 
the  recommended  temperature 
range 

+3.5  ±0.5 

-8.5  ±2.5 

-14  +2.5 

8 . 4 Use  In  magnetic  fields 

Strain  gauges  with  conotantan  measuring  grids  have  proved  useful  in  extremely  strong 
magnetic  fields,  Ref  (51)  contains  a report  about  studies  on  strain  gauges  ia  the 
constant  magnetic  field  of  a proton  accelerator  with  flux  densities  of  up  to 
20  kilogauss/cm2 . No  effects  of  the  magnetic  field  were  observed  on  strain  gauges 
with  constantan  and  Pt  W measuring  grids.  Strain  gauges  with  isoelastic  measuring 
grids,  on  the  contrary,  showed  considerable  zero  drift  displacements.  Therefore  they 
must  not  be  used  in  magnetic  fields. 

Caution  is  also  required  in  the  case  of  alternating  magnetic  fields  since  inductive 
voltages  might  occur  in  the  strain  gauge. 

Reference:  (51). 
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8.5  Use  of  strain  gauges  under  vacuum  conditions 

The  problems  encountered  in  using  strain  gauges  under  vacuum  conditions  are  primarily 
related  to  the  field  of  application  techniques. 

In  order  to  prevent  air  bubbles  in  the  adhesive  layer  the  contact  pressure  selected  for 
bonding  should  be  higher  than  for  applications  under  normal  conditions  since  air  bubbles 
might  lead  to  destruction  of  the  measuring  point.  Care  should  also  be  taken  in 
selecting  the  necessary  protective  materials.  A glass  fibre  mat  impregnated  with  epoxy 
resin  (contact  pressure  approx  10  N/cm2 ) has  proved  quite  useful  for  applications  up  to 
about  Id7  torr.  (Ref  (45)). 

The  use  of  strain  gauges  under  maximum  vacuum  conditions  (<107  torr)  creates  many  more 
problems  bince  the  degassing  rates  (torr  litre/sec  cm2)  of  the  plastic  materials  used 
for  the  strain  gauge  measuring  point  are  very  high.  This  might  lead  to  problems  with 
respect  to  the  final  pressure  required.  Ref  (40)  contains  some  data  on  the  degassing 
rates  of  various  plastic  materials. 

References  for  Chapter  8: 

(BIO),  (Bll),  (4),  (8),  (43), (44),  (45),  (46),  (47),  (49),  (50),  (51).  (60), 

(63),  (65),  (72),  (73).  (79),  (80),  (91),  (92),  (93),  (95),  (96),  (97),  (03),  (99). 


9.0  INSTRUMENTATION  OF  TWO  VAK  191  B AIRCRAFT  WITH  FLIGHT  LOAD  MEASURING  SYSTEMS 

The  preceding  chapters  have  shown  the  diversity  of  the  spectrum  of  factors  which  must 
be  taken  into  consideration  when  using  strain  gauges.  The  interaction  of  all  factors 
involved  contributes  also  to  a large  extent  to  the  success  of  a measurement.  It  is 
very  difficult  to  describe  this  aspect  in  the  abstract.  It  seems  to  be  useful, 
therefore,  to  conclude  with  an  example. 

For  this  purpose,  the  instrumentation  of  the  VAK  191  B VTOL  aircraft  built  by 
VFW-Fokker  with  strain  gauge  systems  is  described  in  some  detail. 

From  1968  to  1970  the  VAK  191  B prototypes  were  manufactured.  Two  aircraft,  VI  and  V2, 
were  to  be  provided  with  flight  load  measuring  systems  during  manufacture  (see  Section 
7.14). 

The  following  measuring  sections  were  planned  for  each  aircraft: 

. 4 measuring  sections  in  the  wing  (2  port  and  2 starboard > 

. 2 measuring  sections  in  the  horizontal  tail  (1  port  and  1 starboard) 

, 1 measuring  section  in  the  vertical  tail 

. 1 measuring  section  in  the  rear  fuselage 

. a number  of  measuring  points  on  the  landing  gears  and  flight  controls. 

A requirement  of  approximately  2000  single  strain  gauges  (or  correspondingly  smaller 
quantities  of  biaxial  rosettes),  including  certain  reserve  quantities,  was  estimated 
for  the  two  aircraft. 

9 . 1 Selection  of  components 


In  this  connection,  the  following  constructive  and  application-specific  aspects  had  to 
be  taken  into  consideration: 

. Wing  design: 

Torsion  box  with  4 main  and  intermediate  spars,  upper  and  lower  skins  riveted, 
all  components  milled,  very  thin  wing  profile. 

. Horizontal  tail  design: 

Torsion  box  with  4 spars  and  riveted  skin  panels,  centre  box  (within  the 
fuselage)  in  two-spar  construction,  milled  from  block. 

. Vertical  tail  design: 

Torsion  box  with  3 spars  and  riveie.i  skir.  panels. 

. Operating  speeds: 

Hover  flight  up  to  high  subsonic  speed  at  high  altitudes.  During  hovering, 
hot  bleed  air  was  tapped  from  the  engines  and  led  through  the  wing  box  to  the 
wing  tip  via  pipes  for  control  purposes.  The  temperatures  in  the  vicinity 
of  the  bleed  lines  reached  approximately  470K,  but  the  hovering  time  was 
limited  to  a few  minutes. 
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The  basic  characteristics  of  strain  gauge  and  adhesives  needed  were  determined  from  the 
following  conditions: 

. The  design  data  and  the  statements  in  the  NACA  Report  (Ref  (38))  led  to  the 
conclusion  that  up  to  6 full-bridges  had  to  be  interconnected.  This  resulted 

in  the  strain  gauge  resistance  of  R - 600ft  (it  was  necessary  that  the  total 
resistance  of  the  interconnected  bridges  was  not  too  small). 

. Since  measurements  in  the  aircraft  were  to  be  carried  out  on  aluminium 
components  only  the  temperature  coefficient  was  fixed  at 

a„  *»  23  ym/in/K 

. A measuring  grid  length  of  6 mm  was  selected  but  on  account  of  production 
prcl, tijs  encountered  by  the  manufacturer  a strain  gauge  with  a 7 ran 
measuring  grid  length  was  used. 

. According  to  specifications,  a maximum  temperature  of  470K  was  expected  but  no 
measurements  were  planned  during  hovering  (it  is  only  during  hovering  that  this 
high  temperature  is  reached).  From  this  it  followed  that  all  components  had 
to  withstand  these  temperatures  but  that  it  was  not  absolutely  necessary  for 
strain  gauge  and  adhesive  to  be  capable  of  performing  at  these  temperatures. 
Nevertheless,  the  temperature  limit  of  the  strain  gauge  selected  amounted  to 
about  500K  for  static  measurements.  It  was  the  HBM  type  7/600  LB  13,  a metal 
foil  strain  gauge  with  constantan  measuring  grid  and  phenolic  resin  supporting 
material.  It  was  not  intended  to  use  0°/90°  or  +45°  rosettes;  all 
configurations  required  were  to  be  built  up  from  single  strain  gauges. 

. The  adhesive  selected  was  the  epoxy  resin  system  AV138  ♦ HV998  (refer  to 

Section  6. 4. 1.3).  On  account  of  the  simple  handling  (cold  setting)  and  its 

fairly  good  properties  this  adhesive  promised  the  most  favourable  results 
with  respect  to  temperature  resistance  and  installation  effort. 

. The  solder  support  points  to  be  used  with  the  strain  gauge  adhesive  were  also 
purchased  from  HBM,  but  partly  also  from  BUDD.  A solder  with  a melting  point 
of  520K  was  selected  for  the  soldering  joints. 

. Teflon-insulated  3 or  4-core  shielded  cablet  (cross-section  3 or  4 x AWG26 
'v  0.14  mm2)  with  silver-plated  copper  conductors  were  selected  as  connecting 
cables. 

. For  protective  purposes,  the  silicone  resin  Elastosil  33  with  the  primer  FD 
manufactured  by  Wacker  was  chosen. 

. Auxiliary  material  such  as  emery  paper  and  cloth  with  different  grain  sizes, 

BEK , various  tools  etc  was  also  provided. 

All  the  components  had  been  in  use  at  VFW-Fokker  for  an  extended  period  so  that  an 
excellent  team  which  was  fully  familiar  with  the  installation  technique  was  available. 

9.2  Installation  technique 

The  installation  technique  will  bo  described  by  taking  measuring  section  1 (Fig  9.2-1), 
the  inboard  section  on  the  port  wing,  as  an  example. 

9.2.1  Location  of  strain  gauges 

All  strain  gauges,  their  cabling  and  their  protective  covers  had  to  be  installed  in  the 
wing  box  before  one  of  the  skins  (in  this  case  the  upper  skin)  was  riveted,  i.e.  before 
the  torsion  box  was  closed. 

All  spars  were  designed  as  U sections,  but  the  strain  gauges  for  the  bending  bridges 
could  cot  be  placed  on  the  U section  legs  since,  as  far  as  possible,  damage  during 
riveting  had  to  be  avoided.  Furthermore,  in  the  case  of  strain  gauges  being  bonded 
between  rivets,  the  strain  gauge  is  mostly  positioned  relatively  close  to  the  next  rivet. 
This  can  increase  unreliability  since  practically  no  rivet  can  be  made  water-tight. 

For  the  reasons  mentioned  above,  the  strain  gauges  for  the  bending  bridges  were  thus 
positioned  on  the  spar  webs,  relatively  far  away  from  the  rivet  holes  and  the  riveting 
tools.  The  decrease  in  sensitivity,  as  compared  with  other  arrangements,  was  accepted. 

The  shearing  force  bridges  were  placed  on  the  spar  webs  between  the  strain  gauges  of  the 
bending  bridges. 

The  torsion  bridges  were  attached  to  the  inner  surfaces  of  the  skins,  one  torsion  bridge 
between  two  spars . 

The  exact  position  of  the  strain  gauges  on  the  spars  and  skin  panels  is  shown  in 
Figs  9.2-2  to  9.2-8. 
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It  should  be  noted  that  all  bridges  were  duplicated  in  order  to  provide  for  an  adequate 
selection  with  respect  to  the  interconnection  of  the  bridges  according  to  Ref  (38). 
Furthermore,  some  reserve  bridges  had  to  be  available. 

9.2.2  Installation  of  the  strain  gauge  bridges 

For  reasons  of  schedule,  manufacture  had  to  proceed  very  quickly.  This,  together  with 
the  fact  that  all  strain  gauges  on  the  spar  web  were  located  quite  close  to  each  other, 
necessitated  the  following  installation  procedure: 

. Full-scale  drawings  of  the  measuring  position  were  prepared  on  the  basis  of 
drafts  or  the  object  itself; 

. All  strain  gauges  and  soldering  support  points  planned  for  the  respective 

position,  including  the  appropriate  measuring  point  numbers,  were  included  in 
these  drawings.  The  connecting  wires  for  the  individual  bridges  were  also 
drawn  to  scale  in  the  applicable  colours; 

. Self-adherent  tape  (sufficiently  wide  Scotchtape)  was  then  stretched  out  over 
the  drawings  with  the  adherent  side  facing  upwards.  The  completely  prepared 
strain  gauges  and  soldering  support  points  were  then  attached  to  it  in 
accordance  wi  h the  drawings. 

. Parallel  to  these  operations,  the  bonding  surface  of  the  object  was  prepared  for 
the  bonding  process.  In  addition,  the  rubi  jr  cushions  for  applying  pressure 
on  the  strain  gauges  as  well  as  the  clamping  devices  were  adapted  to  the  area 
concerned. 

. After  completion  of  the  preparatory  work  described  above,  the  adhesive  compon- 
ents could  now  be  weighed,  mixed  and  applied  to  the  strain  gauges.  The  tape 
with  the  strain  gauges  and  soldering  support  points,  all  of  them  coated  with 
adhesive,  was  placed  on  the  appropriate  surface  of  the  structure  and  fixed  by 
means  of  clamping  devices.  The  clamping  devices  were  removed  after  8 hours 
at  the  earliest  but  in  most  cases  not  before  the  next  day  in  order  to  ensure 
proper  setting  of  the  adhesive. 

. It  was  possible  to  prepare  the  wiring  on  the  basis  of  the  full-scale  drawing. 

The  individual  wires  were  cut  to  the  correct  length,  stripped,  tin-plated  and 
then  bent  to  the  proper  shape  in  accordance  with  the  drawing. 

. After  removal  of  the  clamping  devices,  the  adhesive  tape  and  excess  adhesive, 
all  strain  gauges  were  individually  checked  for  resistance  and  insulation 
resistance.  Subsequently,  the  strain  gauge  lugs  were  soldered  and  the 
resistance  measurements  repeated.  Afterwards  the  completely  prepared 
connecting  wires  were  soldered  to  form  the  full-bridges,  and  the  measuring 
cable  was  connected.  The  unbalance  and  insulation  were  measured. 

. When  all  the  measured  values  were  within  the  permissible  tolerance  range,  the 
entire  measuring  points  were  thoroughly  cleaned,  degreased  and  coated  with 
FD  primer.  When  the  primer  had  dried,  the  silicone  resin  was  applied. 

The  bridges  were  considered  acceptable  unless  the  unbalance  exceeded  a value  of 
approximately  ±1000  ac.  In  a few  exceptional  cases,  ±1500  ue  had  to  be  accepted  as 
well  for  reasons  of  time.  A minimum  insulation  resistance  value  of  1000  M(1  was  required; 
but  generally  the  insulation  resistance  was  about  105  Mil. 

The  values  measured  after  the  individual  operations  were  entered  on  forms  specially 
developed  for  this  purpose  in  order  to  permit  the  detection  of  changes  at  any  time. 

After  completion  of  the  bridges  the  torsion  box  was  closed  and  riveted.  During  the 
subsequent  control  measurements,  only  one  of  approximately  300  full-bridges  installed  in 
the  two  aircraft  showed  a major  unbalance  indicating  a defect  in  one  of  the  strain 
gauges  or  in  the  wiring. 

9.2.3  Installation  time  requirements 

Although  the  team  was  fully  familiar  with  the  installation  technique  from  the  very 
beginning,  individual  steps  of  the  procedure  could  continuously  be  improved  and  refined 
in  the  course  of  work.  When  installation  work  was  commenced,  13  working  hours  were 
required  for  eacli  fuil-bridge.  During  the  final  phase  the  same  operation  did  not 
take  more  than  8 hours. 

9 . 3 Calibration 

After  completion  of  the  strain  gauge  system,  the  aircraft  was  finally  assembled  and 
equipped.  Calibration  work  was  not  performed  until  approximately  two  years  alter 
installation  of  the  strain  gauge  bridges,  in  June  1972. 

The  check  measurements  prior  to  calibration  revealed  only  slight  changes  in  the 
measured  values.  Most  of  them,  however,  could  be  attributed  to  reasons  connected 
with  the  assembly  techniques  used.  The  output  signals  picked  up  during  calibration 
were  also  acceptable.  There  were  no  significant  non-linearities  or  zero  drifts  so 
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that,  with  the  exception  of  the  bridge  already  mentioned.  alt  hridcw  * r*  available  for 
interconnection . 

The  calibration  technique  will  not  be  dealt  with  la  liu  Mcn«a  it  >»  described  ta 
some  detail  in  Section  7.14. 

The  interconnection  of  measuring  section  1 mil  be  described  as  ao.  example 

Using  a large-capacity  computer  system,  the  teat  communal  ivat  *mn«g  <*■  m»‘.  .ig  »r:aert 
were  selected  by  means  of  a computer  program  dkv* loped  by 

For  the  shearing  force  measuring  system.  a thraiiai  !*«»  asvage  *i  »©«fcr  * 
was  used  as  the  main  bridge.  Tbe  !««»  bridges-  *t  ■<■»>»  1 s**a  a 

which  were  weakened  as  specified  la  line  program  -*•»  • s-«*  mbiWl 

In  order  to  keep  the  signal  undisturbed  by  other  is*  twine**.  « bend  teg  beibje 
of  spar  2 and  a torsion  measuring  bri4gr  of  stfmr  1 errs  -»-*»-  : -an  isui 

The  measuring  system  for  beading  moments  coaprised  Its.-  bated**  It*  mu 
bridge  was  a bending  bridge  of  spar  3 imbed  to  Ui»  *»re  tw  wrvim  ?<♦«« 
bridges  of  spars  1 and  3 as  well  as  on*  tools*,  aiwisb  wring*  at  tpo*  • 

The  torsion  measuring  system  bad  to  be  ttapa* «rt  of  sum  hniagw*  a 
bridge  of  spar  2 proved  to  be  tbe  most  favourable  toUiioa  fee  »b*  main  bridge 
The  arrangement  was  completed  by  a shearing  force  bridge  of  agon  2.  a bnHat 
bridge  of  spar  4 and  three  torsion  bridges  of  spars  2.  3 and  * 

The  interconnection  of  ail  other  measuring  sections  was  similar. 

From  the  24  bridges  installed,  15  were  selected  for  combinations,  so  that  9 bridges  »• r» 
still  available  If  any  of  the  bridges  should  fail.  However,  it  must  be  expected  that 
much  more  complicated  interconnections  could  be  required  in  tbe  case  of  a new  combination. 

9 . 4 Results 

Flight  tests  were  started  subsequent  to  calibration.  All  measuring  points  connected 
to  the  measuring  systems  provided  satisfactory  measured  values. 

A control  measurement  of  zero  drifts  and  insulation  resistances  at  the  time  of  flight 
testing  resumption  in  July  1974  did  not  reveal  any  important  changes  in  the  measured 
values  for  the  measuring  points  checked. 
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Fig.  1.3  - 4:  Inductance  transducer  (B3)(B4) 


Amplifier 


Strain  gauge  Reference  Gauge 


Fig.  1.3  - S:  Vibrating-wire  transducer  (B3) 


Fig.  1.5  - 6:  Basic  structure  of  3 capacitive 

transducer. 


A)  Pure  Tensile  Stress,  Force  F 


B)  Pure  Bending, Moment  F*d 


Fig.  1.3  - 7:  Brittle  lacquer  method 

typical  cracic  pattern  in  a bar  under  elementary  stresses 


Fig,  2.1  - 4:  Uniaxially  stressed  plate  (B7) 


Fig.  2.1  - 6:  Biaxially  stressed  plate  (B7) 


Fig.  2.1  - 5:  Mohr's  circle  for  the 

uniaxial  state  of  stress 


Fig.  2.1  - 7:  Mohr's  circle  for  the 

biaxial  state  of  stress 


Fig.  2.1  - 10:  Spring  system 


Fig.  2.1  - 11:  Spring/mass  system 


Vibration 


Strain  at  the  Bar 
Surface 


Fig.  2.1  - 12:  Simple  two-node  vibration 

(bar  supported  at  both  ends) 


Vibration 


Strain  at  the  Bar 
Surface 


Fig.  2.1  - 13:  Three-node  vibration 

(bar  supported  at  both  ends) 


Fig.  2.2  - X:  Crystal  lattice  (elementary  lattice  cell) 

of  the  ionic  crystal  NaCl 


Fig.  2.2  -2a:  Forces  of  attraction  and  repulsion  in  a solid  body 

r = distance  between  two  atoms 
rQ=  equilibrium  distance 


Measuring  Grid 


Fig.  2.2  - 5:  Basi.'  strain  behaviour  in  a bonded  strain  gauge 
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Shear  Stress 


Shear  Stress  Behaviour 


Bending -Spring 
Supporting  Material 
Bending -Spring  Adhesive 


Measuring  Grid  Supporting  Material  Adhesive 
d -• 


Fig.  2.2  - ba/d:  Model  conception  of  the  action  of  a strain  gauge 

according  to  Rohrbach  and  Czaika  (:) 


Temperature 


Fig.  Z.i  - 7:  Shear  Modulus  of  scpporting  layers  as  a function 

of  the  teteperature  according  to  /3/ 


Straight  Length  L0 


Fig.  2.2  - 8a:  Measuring  wire  in  neander-like  arrangement 
Fie.  2.2  - 8b:  Strain  behaviour  in  a straightened  Measuring  grid 


Metallic  Electrode  ' Supporting  Material 

Semi-Conductor  ^ 

(Si  or  Ge ) 


Fig.  2.2  - 9:  Basi  structure  of  a 

semi-conductor  strain  gauge 


Fig.  2.2  - 10: 


Inpurity  con- 
duction in  a 
p-type  semi- 
conductor 


"p£\  /S& 


Fig.  2.2 


Examples  of  gauge 
factor  variations 
in  semi-conductor 
strain  gauges 


Iapurity  con 
duct  ion  in  a 
n-type  semi- 
conductor 
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2.2  - 13:  Gauge  factor  of  a semi-conductor  strain  gauge 
as  a function  of  specific  resistance,  doping 
and  crystal  orientation 


Gouge  Faktor  k 


Fig.  2.2  - 14:  Temperature  dependence  of  the  gauge  factor 
of  a seai -conductor  strain  gauge 


Fig.  2.2  - ISa:  Self-coapensating  effect  of  a p-type  and  n-type  Si 

seai-conductor  strain  gauge  on  steel 

Fig.  2.2  - 15b:  Self-coagtensating  effect  of  a metal  strain  gauge 
on  steel 


Fig.  3.3  - 2:  Non-linearity  factor  of  a quarter-activc-bridge 


Fig.  3.3  - 3:  Dependence  of  the  non-linearity  factor  on  the 

resistance  ratio 
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Fig.  3.4  - 1:  Bridge  balancing  by  a shunt  bridge 


3.4  - 2:  Equivalent  representation  of  the  shunt  bridge 
shown  in  Fig.  3.4  -1 


Fig.  3.6  - 1:  Measuring  arrangement  w’*-h  a large  carman-mode  voltage 


Electrically  Generated  Interfering  Voltages 

Magnetically  Generated  Interfering  Voltages 


Fig.  5.6  - 3:  Influence  of  electrical  and  magnetic  interference 

fields  on  measuring  bridges  in  the  case  of  an 
asymet rival  supply  (B4) 


■ jtt.ii  j \ rteeatrirv; 


Fig.  4.3  - 1:  Mechanical  hysteresis  of  strain  gauges 


Measuring  Grid  : Constantan  Wire 
Grid  Length  20  mm 


Fig.  4.5  - 1:  Tine-tea^vrature  creep  diagram 
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Fig.  4.7  - 1:  Fatigue  strength  diagram 

Zero  drift  and  failure  zone  of  modern  foil  strain  gauges 
as  a function  of  the  nuntoer  of  lo..J  cycles  and  the  alternating 
strain  aajilitude 
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em  = Measured  Strain  tB=  Component  Strain 


Fig.  4.12  - 1:  Basic  correlation  between  the  measuring  grid  length  of  a 

strain  gauge  and  the  measuring  value  illustrated  by  the 
notcheJ  bar  test 


: circle  of  strain  for  measured  values 
resulting  values  W'd* 


Fig.  7.1-4:  90  rosette 

A,  B normal  type 
C type  for  shear  measurements 

D full  bridge  type 
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mo«  ” 4 (1-t-p) 

Fig.  7. 

1-5:  Shear  measurements  with  90°  rosette 
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semi-bridge 
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full-bridge 
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Fig.  7.3  - 1:  Flexural  strain  Measurements 


Fig.  7.14  - 2:  Bridge  interconnections 
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Normal  Configuration 


HT  Strain  Gauge  with  Removable 
Plastic  Supporting  Materials 


(T)  Connecting  Leads 
0 Protective  Foil 
0 Thermocouple 
@ Supplementary  Supporting 
Material 


b 
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Single  Gauge 


1 


************  I 


^gy-KawnniHin 

Half  - Bridge 


Weldable  HT  Strain  Gauges 
*****  Welding  Points 


Full -Bridge 
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Fig.  8.1  - 1:  High  teaperature  strain  gauge  configurations 


Fig.  8.1  - 2:  Flame  spraying  device  for  application  of  free-grid 
strain  gauges 


Fig.  8.1-3:  Application  and  connection  of  weldable  strain  gauges  (%) 


Apparent  Strain  ot 
Typical  Pt-W  Strain  Gauges 


BB 1 ' 1 ggf " I1"  --1'  - 'yW 
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f Fig.  8.1  - 4:  Apparent  strain  (k»2)  of  typical  Pt-W  strain  gauges  applied 

to  Co  Cr  Ni  steel  by  flame  spraying  and  their  standard 
deviation,  referenced  to  the  mean  value,  as  a function  of 
[ temperature 
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Apparent  Strain  of 


Fig.  8.1  - 5:  Apparent  strain  (k»2)  of  typical  weldable  strain  gauges  on 

Co  Cr  Ni  steel  and  their  standard  deviation,  referenced  to 
the  mean  value,  as  a function  of  temperature 
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Fig.  8.1  - 6:  Apparent  strain  (K«2)  of  typical  modified  Karma  foil  strain 
gauges  on  A1  Zn  Mg  1 and  their  standard  deviation,  referenced 
to  the  mean  value,  as  a function  of  temperature 


Fig.  8.1  - 7:  Strain  gauge  insulation  resistance 


600  800  1000  1200 


Fig.  8.1  - 8:  Insulation  resistance  of  high-temperature  adhesives  as  a 

function  of  temperature 
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Fig.  8.1  - 9:  Drift  rates  of  various  high  temperature  strain  gauges 
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Fig.  8.1  - 10: 


fict0:  ch4n®*  of  v*ri°us  strain  gauge 
grid  materials  as  a function  of  temperature 


Position  of  aeasuring  sections  for  load  aeasureiients  during  flight 


Measuring 


Fig.  9.2.  - 2:  View  of  « complete  wing  measuring  point,  spar  end  skin 


<b 


Position  of  strain  gauges  on  spar  3 strain  *e*sur^,'S  points  Wing 

Bending  noment  and  shear 
force  bridges 


Measuring  Section 


137 


Fig.  9.2  - 7:  Position  of  strain  gauges  on  the  skin  at  spar 
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